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Abstract 
British Gas have been using polyethylene pipe and fittings for gas 
distribution since 1969. The medium density, and more recently high density 
polyethylene pipes are produced by a simple and well established extrusion 
process. Unfortunately the production of fittings, especially large diameter 
fittings is not so simple. Traditionally pipe fittings are made from either 
injection moulding or by other fabrication techniques which require 
subsequent cutting and welding of different parts to produce the finished 
article. Recently however the methodology has been developed to facilitate 
the production of fittings by rotational moulding. Incorporated into the new 
methodology is the ability to produce crosslinked fittings by peroxide 
inclusion. Crosslinking of the pipe fittings has a major advantage in that it 
produces a substantial improvement in the mechanical properties of the 
polymer. Of particular importance is the improvement in stress crack 
resistance. Stress cracking is presently the primary mode of failure in 
polyethylene pipelines. Cross linking should help to reduce the susceptibility 
of the pipeline to failure by this method. 
The purpose of this project has been to investigate the crosslinking 
process in two rotational moulding grades of polyethylene. In particular a 
study has been made of the relationships between various chemical and 
physical properties, and of how these change upon material modification. 
A series of compression moulded samples containing increasing levels 
of peroxide have been produced for both polymers. Characterisation of these 
samples was undertaken using such techniques as Differential Thermal 
Analysis, Fourier Transform Infrared Spectroscopy, Gel Permeation 
Chromatography, Gel Content and Microscopy. The results have shown that 
as peroxide concentration is increased gel content rises sharply before 
reaching a maximum value. In contrast to the gel content, the crystallinity of 
the samples was shown to decrease. Infrared analysis provided the facility to 
monitor the variation in molecule end group concentration with changing 
peroxide levels. It was found that increasing the level of peroxide resulted in 
a decrease in the concentration of terminal vinyl unsaturation in an inverse 
relationship to gel content results. Subsequent gel permeation 
chromatography analysis demonstrated that the terminal vinyl groups were 
being lost in a chain extension mechanism which resulted in an increase in 
the molecular weight of the samples. 
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Chapter 1. Introduction 
1.0. Introduction 
1.1 History of polyethylene 
The very first stages in the history of polyethylene relate back as far as 
1898 when Von Pechmann, whilst working on the reactions of diazomethane 
at high pressures, discovered a white waxy solid coating the walls of the 
reaction vessel. This was later recognised to be polymethylene. After this 
discovery little more was reported relating to polyethylene until March of 
1933. A chemist by the name of Gibson working under the supervision of M. 
Perin and J.C. Swallow at the Alkali Division of ICI reported the presence of a 
white waxy solid coating the walls of his reaction vessel(1). Gibson was 
working on the reaction between ethylene and benzaldehyde at a 
temperature of 170·C and a pressure of 1400 atmospheres. This time 
however the product was recognised to be a polymer of ethylene. 
Unfortunately when the reaction was repeated with ethylene alone it failed to 
produce the expected results as the ethylene decomposed causing a rise in 
the pressure which in turn blew the seals on the reaction vessel. As at the 
time no apparatus was available which could withstand the pressures 
produced the work was shelved until stronger reaction vessels could be 
developed. 
By May 1935 apparatus was available that allowed work to be 
undertaken at pressures of up to 3000 atmospheres and this enabled the 
work on the polymerisation of ethylene to continue. In December 1935 the 
polymerisation of ethylene was again attempted. Unfortunately the reaction 
vessels again developed a leak. This time however instead of stopping the 
reaction the lost ethylene was replaced by the addition of fresh gas to keep 
the pressure constant. At the end of the experiment when the reaction vessel 
was dismantled a total of eight grams of a white powdery solid was collected. 
Scientists at ICI labelled this product 'Polythene'. It was later discovered that 
the chance leak in the apparatus led to the addition of fresh ethylene gas 
which in turn carried with it just enough oxygen to catalyse the reaction . 
• 
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The first reported use of polythene was by the Telegraph Construction 
and Maintenance Company. They realised the potential of the new product as 
insulation material for underwater cables and by July of 1939 enough 
polythene had been produced to insulate one nautical mile of underwater 
cable. The cable insulation was found to come up to technical expectations 
but unfortunately trials could not be completed due to the outbreak of war. 
However on the basis of this potential market the first polythene plant was 
built in September 1939 to produce a few hundred tonnes of polymer per 
year. 
As with many other new discoveries at that time, the outbreak of world 
war two accelerated the progress of polyethylene. It soon became possible to 
control the molecular weight of the polymer and so control the melt flow 
properties. This made it easier to process and with this came the use as 
insulation for ground and airborne radar as well as other applications. With 
the market for polythene increasing larger plants were constructed to deal 
with the increasing demand, and with this came even more potential 
applications. It was not long after the end of the war before polythene films 
and mouldings were being produced. 
From the end of the war the progress of polyethylene was rapid and 
continuous. Research into polyethylene and its production continued and by 
1954 three new methods of producing polyethylene at low pressures had 
become available. The first method was reported(2) to have been found by 
Alex Zelts in 1950, whilst working for the Standard Oil Company. This 
produced a polymer of a higher density than the previous polythene with the 
use of a metal oxide catalyst. It was soon followed by the Phillips process 
developed by Hogan and Banks in 1951. This polyethylene was produced 
with supported chromium oxide as a catalyst and the density was again 
higher than the previous polymer. The final method was developed in 1953 
by Karl Zeigler at the Max Planck Institute in Germany. The polymer was 
produced with the aid of a trialkyl aluminium catalyst. The density of the 
polymer was however not as high as that produced by the other new 
techniques. By 1955 patents had been filed for all three of the new methods 
2 
-~ 
Chapter 1. Introduction 
of production, and by 1959 the first one million tonnes of polyethylene had 
been produced. 
The introduction of the Phillips and Zeigler processes made it possible 
to produce copolymers of polyethylene and to control and modify the 
properties to a far greater degree than had previously been available. By the 
early part of the 1970's polythene as it was first called had become a material 
for the production of everyday household products and the development of 
the linear low density form of the polymer helped to strengthen this position. 
Since 1960's the production of polyethylene has had an annual growth rate of 
approximately twelve percent(3) and by 1990 the global demand for high 
density polyethylene alone was predicted to be over ten million metric 
tonnes(4), making polyethylene the most popular commercial plastic in the 
modern world. 
1.2. The History of Polyethylene as a Gas Pipe Material 
Plastic pipe has been used for the distribution of gas since the 1950's 
when PVC pipe was introduced on a trial basis(5). PVC however received a 
mixed reception as a pipe material, mainly due to reservations about its 
performance in aggressive environments, its brittle behaviour at low ambient 
temperatures and the lack of a suitable jointing technique. Oue to this 
attention was diverted to other plastic materials. Polyethylene pipe was 
introduced in 1969, in both medium density (MOPE) and high density 
(HOPE) forms. After trials MOPE pipe was chosen for the distribution 
network, as it showed superior ductility and long term strength over that of 
HOPE. Between 1969 and April 1991 185,000 kilometres of MDPE pipe was 
laid in Britain(6). 
Although MOPE was initially chosen as the best form of polyethylene 
for gas distribution, recent developments in HOPE technology (notably the' 
inclusion of small amounts of comonomer) allowed British Gas to once again 
consider it as a pipe material. In 1989 trials began on HOPE pipe and within 
two years over 150kM had been laid(6). The new copolymer grades of HOPE 
3 
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have given this material an advantage over the normal MOPE, the main 
advantage being the resistance to rapid crack propagation. Rapid crack 
propagation occurs under extreme combinations of a high strain rate acting in 
three dimensions and low temperatures. When these conditions combine the 
results can be a brittle type failure in which a longitudinal type crack can 
propagate at up to three hundred meters per second along the pipe. MOPE 
whilst having good resistance to slow crack growth can exhibit rapid crack 
propagation and for this reason it is limited to an operational pressure of up 
to four bar. Modern HOPE on the other hand has improved slow crack 
resistance and is less susceptible to rapid cracking, and in addition its higher 
overall strength gives it a maximum operational pressure of seven bar. In 
most gas distribution cases MOPE is acceptable as the pressure rating 
required is far lower than the four bar limit (approximately 75mbar), however 
in certain instances such as in rural areas the increased pressure rating of 
HOPE makes it a cheaper alternative to MOPE. 
Both MOPE and HOPE have inherent properties which make them 
ideal materials for gas pipe applications. Apart from the resistance to crack 
growth, which has already been discussed, the ductility of polyethylene 
allows it to be coiled. Coilability is a major advantage as it provides 
considerable cost savings with respect to transportation. A length of one 
kilometre of sixty three millimetre diameter pipe can be coiled and placed 
onto a drum, as can two hundred metres of one hundred and eighty millimetre 
diameter pipe. With the introduction of coiling came the development of 
automated ploughing machines which are capable of digging a trench and 
laying the pipe off a drum at the same time. This is particularly useful for 
laying large lengths of pipe over agricultural land. 
Probably one of the main benefits of plastic pipe is the ability to weld 
two pieces together. Both MOPE and HOPE can be welded by both butt 
fusion and electrofusion techniques. Butt fusion joints are made by forcing 
the two ends of the pipe against a hot plate for a given time. The ends of the 
pipe melt and the plate is removed. The two molten ends are then forced 
together and allowed to cool and sOlidify. If correctly administered a butt 
4 
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fusion joint is almost as strong as the pipe itself, although care does' have to 
be taken to ensure the correct heating time and that no time lag is allowed 
between removing the heating plate and merging the pipes. Electrofusion 
welding is different in that fittings are required to join two pipes. The fittings 
incorporate built in heating elements which are conductively heated. The 
element melts the surrounding polyethylene on both the fitting and pipe and 
fusion takes place. Electrofusion is now a fully automated technique with 
optimum welding times being defined for each pipe and fitting size. To 
prevent any. human error the unit used to heat the element can now 
automatically recognise the pipe diameter and the fitting size and set the 
welding conditions accordingly. 
To date only MOPE and HOPE are used in large quantities for 
domestic gas distribution. However British gas are constantly researching 
new possibilities. Crosslinked HOPE can now be produced in pipe format and 
has far greater resistance to both slow and rapid cracking than the 
unmodified polymer. Unfortunately in crosslinking polyethylene the weldability 
of the polymer is severely affected as the polymer becomes more thermoset 
in its properties. It is this 'problem that has inhibited the use of crosslinked 
polyethylene as a pipe material, although work continues to find a suitable 
method of welding. 
1.3. The Production of Polyethylene 
There are many different commercial ways of producing polyethylene, 
with each manufacturer having their own particular variation on a basic 
method. However in general there are three main processes in major use 
today. These processes whilst all producing polyethylene do however have a 
particular place within the plastics market, due to the different properties of 
their products. A brief description of the basic methods and mechanisms of 
polyethylene production is outlined below: 
5 
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1.3.1. High Pressure Polymerisation of Ethylene 
This method of polymerisation relates directly to. the first discovery of 
polyethylene at high pressures by ICI in 1933. Today the principle of the 
polymerisation remains much the same as in the early plants built to 
manufacture the first 'polythenes'. Polymerisation can be undertaken by 
either of two different processes. The first is a continuous process in which 
ethylene gas is fed through a tubular reactor at high pressure and 
temperature. The second is a batch process with polymerisation taking place 
in an autoclave at high pressure and temperature. Both of these methods 
produce a polymer which is of a low density and which contains a degree of 
both long and short chain branching. The tubular reactor method however 
does tend to produce less long chain branching and a polymer with a wider 
molecular weight distribution than is obtained from the autoclave batch 
process. 
A typical high pressure polyethylene manufacturing process will use 
pressures of between one thousand and three thousand mega Pascals and 
temperatures of between eighty and three hundred degrees Celsius(1 0). The 
basic mechanism of polymerisation is a free radical type system and to bring 
about polymerisation an initiator such as benzoyl peroxide is often used. With 
free radical polymerisation the heats of reaction are so high that care must be 
taken to avoid a run away reaction. This is usually done by having a high 
surface to volume cooling area in the reactor for cooling. In the continuous 
reactor internal cooling is used where a coolant is passed through the reactor 
tube. This not only helps to cool the reactor but also helps to prevent 
blockage of the tubes. Cooling of the process is however not only important 
to prevent explosions but also to control the properties of the product. For a 
given high pressure polymerisation system the higher the temperature the 
faster the reaction and this leads to a product with a lower molecular weight. 
Careful control of both the temperature and pressure of the reaction is often 
used to control the properties of the final product. Increasing the pressure of 
the process tends to increase the molecular weight of the polymer, as to 
increase the pressure more ethylene monomer is added to the reactor, and 
6 
Chapter 1. Introduction 
this increases the likelihood of polymerisation. The efficiency of the high 
pressure polymerisation process is not very high with only ten to thirty 
percent of the monomer being converted to polymer in the reactor. For this 
reason the unused monomer is separated from the polymer and fed back into 
the reactor for re - use. 
Mechanism 
. The mechanism of polymerisation in the high pressure process is free 
radical in nature and has been well represented in the literature(7). It is 
outlined below: 
Initiation: Rn ---j- nR' 
. 
Propagation: R + CH2=CH2 ---j- R-CH2-CH2 
. 
R-CH2-<;;H2 + n(CH2=CH2) ---j- R-CH2-CH2-(CH2-CH2)n 
Termination: 
Combination 
Figure 1.1. Mechanism of Free Radical Polymerisation 
The above mechanism is a simplified example of the main reactions in the 
production system. Free radical polymerisation is by nature however a very 
unselective process and there are many other reactions which can occur in 
the reactor. Probably the most important of these reactions are the ones 
involved in the formation of branching, as branching has quite a large effect 
upon the final properties of the polymer produced. There are two main types 
of side reaction that can lead to the production of long and short chain 
branches. 
7 
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a) Intramolecular branch formation (backbiting) : 
This type of chain branching is the result of internal chain transfer, where the 
growing end of the chain abstracts H from a CH2 unit further back in the 
chain. This usually results in short chain branching (see Figure 1.2 below). 
~ R-C~-C~-C~-CHz-C' 
H 
I 
R- C- (C~4 - CH:3 
I 
C~ 
I 
C~ 
• 
.. 
I 
H 
.. 
H 
I/CHz" 
R-<? H CHz 
: ':'. I I 
H 
I 
H--- C-CH.2 
I 
H 
1 
R-C- CHz-CHz-CHz-CH:3 
. 
+ 
CHz = CHz 
Figure 1.2. Mechanism of Intramolecular Branch Formation 
b) Intermolecular branch formation: 
This method of branch formation would generally lead to long chain 
branching. In Figure 1.3 it can be seen that the reaction proceeds with 
interchange of a hydrogen atom and a radical between a grOwing chain end 
and another chain. This produces a site for continuing growth from the middle 
of the chain and hence a chain branch. 
8 
Chapter 1. Introduction 
~ 
---fCH21n-CH2-9" 
+ H 
~ 
-(CH21n- <:; - CH2-(CH21n-
t CH2= CH2 
~ 
-{CH21n - C -CH2- (CH21n 
I 
CH2 
I 
<:;H2 
Figure 1.3. Mechanism of Intermolecular Branch Formation 
1.3.2. Polymerisation of Ethylene with a Phillips Catalyst 
Since it was discovered that polyethylene could be polymerised by a 
chromium oxide catalyst in 1951 this process has been the main method of 
producing both high density and linear low density polyethylene. The actual 
catalyst is prepared by impregnation of silica gel with an aqueous chromate 
solution. This is done to give a chromate loading of between one and five 
percent after drying. Activation of the catalyst takes place by reducing the 
chromate with either hydrogen or ethylene to produce active sites on the 
catalyst for polymerisation (Figure 1.4) 
O~ ~O 
/Cr" 
o 0 + C2H4 
I I 
-Si-O-Si-
I I 
o 0 
/cr" 
-~ .. ~ 0 0 + 2HCHO 
I I 
-Si-O-Si-
I I 
Figure 1.4. Production of the Active Catalyst 
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The catalyst is suspended in a liquid hydrocarbon media (e.g. cyclohexane) 
in a flowing reactor where reduction takes place. Ethylene is pumped into the 
base of the reactor at a pressure of approximately 35 MPa and dissolves into 
the liquid phase in which it polymerises at temperatures between 130°C and 
160°C. The solvent not only serves to hold the catalyst but also as a heat 
transfer medium. After reaction the mixture is passed through a gas liquid 
separator where the excess ethylene is removed. The catalyst is then 
separated from the polymer and solvent by filtration and finally the 
polyethylene is collected by precipitation from the cyclohexane. The Phillips 
process is a continuous process. 
The properties of the product from the reactor can be controlled by 
modifying the temperature of the reaction or the temperature at which the 
catalyst is activated. The molecular weight of the polymer is critically 
dependant upon the reaction temperature and in a typical process there can 
be a forty fold increase in melt flow index and a corresponding decrease in 
molecular weight for an increase in temperature from 130°C to 170°C. 
Increasing the activation temperature of the catalyst increases the yield of the 
product but results in a lower molecular weight. The Phillips process is 
particularly sensitive to impurities and a number of materials can act as 
poisons to the catalyst so particularly pure reactants are required for the 
process to proceed. 
Mechanism 
The mechanism of polymerisation in the Phillips process is still not 
fully understood and the oxidation state of the activated catalyst has been 
reported as being both Cr(lI)(8) and Cr(III)(9). The basic mechanism is 
however accepted as being one of co-ordination of ethylene at one of the 
vacant sites on the activated catalyst surface as shown below: 
10 
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Figure 1.5. Mechanism of Polymerisation by a Phillips Catalyst 
In structure (A) it can be seen that the polymer chain is already growing as 
symbolised by the letter R. The ethylene approaches the catalyst surface and 
co-ordinates to the remaining vacant site on the chromium atom. This yields 
structure (8). Next the ethylene inserts its self between the polymer chain and 
catalyst surface. The nature of the intermediate formed during this process is 
still not fully understood but a rearrangement similar to that shown in (C) is 
expected. Following this rearrangement the ethylene molecule is inserted into 
the polymer chain and another vacant site becomes available for continuation 
of the process .. 
1.3.3. Polymerisation of Ethylene with Zeigler - Natta Catalysts 
The polymerisation of ethylene with a catalyst based on the titanium 
atom was first discovered by Karl Zeigler in 1953. Similar work was also 
being undertaken at the same time but at a different research establishment 
by Natta. Consequently the discovery of these catalysts to produce 
polyethylene has been attributed to both authors. 
11 
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The Zeigler - Natta process'uses catalysts to polymerise ethylene in a 
heterogeneous system. The catalysts are typically made from a combination 
of hydrides or alkyls of metals from Groups I - III of the Periodic Table and 
salts of transition metals from Groups IV - VIII of the periodic table, the most 
common combination of these being triethylaluminium (AI(C2H4}J) and 
titanium trichloride (TiCI3). In addition to these an electron donor such as 
diphenylmethoxysilane ((C6HS)2Si(OCH3)2) is also sometimes added. The 
catalysts are prepared by mixing the components in a dry and inert solvent in 
the absence of oxygen at low temperatures. 
In a typical process ethylene is fed into a reactor which contains a 
liquid hydrocarbon diluent. The catalyst is either fed into the reactor or 
prepared in situ. The reaction is carried out at temperatures of about 70·C in 
the absence of air or water, both of which reduce the efficiency of the 
catalyst. As the reaction proceeds the catalyst remains suspended in the 
solvent whilst the polymer precipitates out as a slurry as it is formed. The 
slurry thickens as the reaction proceeds and before the viscosity of the slurry 
increases to a level where it would begin to affect the heat of reaction the 
reactants are discharged into a catalyst decomposition vessel. Here either 
ethanol, water or caustic alkali are added to poison the catalyst and stop the 
reaction. Finally the polymer is separated from the catalyst residues and 
removed from the diluent. 
Zeigler - Natta polymers are intermediate in density (approximately 
O.94Sgcm-3) and a range of molecular weights can be produced by varying 
the aluminium to titanium ratio or by introduction of a chain transfer agent 
such as hydrogen. Hydrogen terminates the growing chain by detaching the 
chain from the catalyst and blocking the active site. 
Mechanism 
The actual mechanism of the polymerisation is still not fully 
understood. The active site is believed to be a titanium atom which has not 
achieved a fully co-ordinated state. Activation of the catalyst includes the 
addition of the co-catalyst. The reaction substitutes a loose halide atom from 
12 
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the metal halide with an ethyl group from the co-catalyst. The ethyl group 
then becomes the first part of the growing chain. It is thought that 
polymerisation then proceeds by incorporation of monomer in an insertion 
reaction between the transition metal atom and the growing polymer chain as 
shown in Figure 1.6. The ethylene monomer co-ordinates to the vacant site 
on the titanium atom. There then follows a process of migration as the 
polymer chain moves to add to the newly incorporated monomer. In doing so 
it provides a new vacant site on the titanium atom, and so the reaction 
continues until the catalyst is poisoned by blocking all the vacant sites with 
water or hydrogen. This terminates the polymerisation and so provides a way 
of controlling the molecular weight. It is thought that the high levels of stereo 
regularity characteristic of Zeigler - Natta polymers are brought about by the 
way in which the monomer molecules are oriented to the growing chain at the 
catalyst surface. 
Recent advances in the field of Zeigler - Natta catalysts has seen the 
introduction of magnesium compounds (e.g. MgR2, MgX2) to the catalyst 
mixture(7). This modification has been seen to improve the efficiency of the 
polymerisation by an order of magnitude, by increasing the number of active 
catalytic sites and increasing the chain propagation rate constant. Catalyst 
efficiencies of between one hundred and one thousand kilograms of polymer 
per gram of transition metal have been achieved. This gives a product with a 
residual titanium content of between one and twenty parts per million and 
removes the need for a polymer I catalyst separation process. 
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Figure 1.6. Mechanism of Monometallic Polymerisation of Ethylene With 
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1.4. Aims and Objectives 
Large diameter pipe fittings are usually produced by either high cost 
injection moulding or by other fabrication techniques which often require 
cutting and subsequent butt welding to give the required shape. As a result of 
work undertaken by Stewarts and Lloyds Plastics it is now possible to 
produce large diameter fittings by rotational moulding. However conventional 
moulding grades of polyethylene do not provide the performance properties 
required of a pipe fitting. To overcome this problem rotational moulding grade 
polyethylene is crosslinked in the mould substantially improving the fitting 
performance in terms of its mechanical properties, especially with respect to 
its environmental stress crack resistance. 
Previous work undertaken by Stewarts and Lloyds plastics has 
provided an understanding of the processing, welding and mechanical 
behaviour of the fittings, and to complete the picture it was necessary to gain 
a fundamental understanding of the crosslinking reaction. It was the aim of 
this project to study the chemistry involved in the crosslinking of two different 
moulding grades of polyethylene. The changes that the polymers undergo 
during crosslinking and processing with respect to their physical and 
chemical properties were of particular interest. 
15 
----~ 
Chapter 2 - Review of the Literature 
2.0. Literature Review 
2.1. Crosslinking 
The crosslinking of polyethylene has been widely studied since the 
1950s. There are many ways in which polyethylene can be crosslinked, but 
the main methods include the use of peroxides, silanes and irradiation. A 
, 
review of the mechanisms of the main methods of crosslinking is presented 
below. 
2.1.1. Silane Crosslinking 
Crosslinking by means of silane was first developed on a commercial 
scale by the Dow Chemical Company during the 1960s. Today there are two 
main processes in commercial use: 
a)Monosil Process 
This is a one step process where all the reactants involved in the 
crosslinking process are added to the extruder and directly shaped into the 
finished product. The grafting and shaping processes are carried out in the 
same extruder. 
b)Sioplas Process 
This is predominantly a two step process. In the first stage alkoxy 
si lanes are grafted onto the polymer, which is then subsequently pelletised 
and stored under dry conditions. The second stage is the main processing 
stage. The pellets are compounded with a condensation catalyst, stabiliser 
and any other additives before being shaped into the final product. In both 
this process and the Monosil process crosslinking is actually brought about 
after processing by the action of hot water. 
16 
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Silane crosslinking is predominantly used with polyolefin polymers in 
the pipe and low voltage cable insulation markets. Its growth has steadily 
been increasing since its introduction as advances are made to reduce the 
processing time. Figure 2.1 shows the growth of silane crosslinked 
polyethylene for cable insulation since 1975. 
KTONS 
BO 
40 
35 
5 
1975 
63 
55 
LEGEND 
[:=::J Pe,o_ide Cure 
I2:ZZJ SiI.)ne G,.)tting 
Figure 2.1 Growth of Silane Crosslinking in the Cable Insulation Market. 
Mechanism 
The mechanism of crosslinking is the same in all of the processes 
involving silanes. There are two main steps: 
1) Grafting of Silane 
Alkoxy si lanes e.g. Vinyl trimethoxy si lanes are grafted on. to the 
polymer by a free radical mechanism which is initiated by peroxides at 
temperatures between 180 and 220'C. 
17 
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ROOR --.... 2RO· (2.1) 
• 
-----c..... ROH + -CH:1CHCHz- (2.2) 
H 
I 
--..... - CH2CCH:!-I 
CH2 
I 
CH2 
I 
Si(OCt-hh 
(2.3) 
The alkoxy radicals formed on decomposition abstract hydrogen from the 
polymer chain forming an alkyl macroradical. The macroradical then adds 
across the double bond of the vinyl si lane. The most common peroxide used 
as initiator is dicumyl peroxide(12). The levels used are typically twenty times 
less than that used in peroxide crosslinking. It is important to control the 
processing conditions with respect to the peroxide as excess addition or too 
high a temperature could lead to crosslinking of the polymer rather than 
si lane grafting. The grafting reaction is a non terminating reaction and so 
combination and other reactions will take place before the radicals are 
deactivated. This can cause a drop in melt flow rate and consequently affect 
the processing operation. 
The use of peroxides in the grafting process requires attention to be 
paid to the choice of additives. Antioxidants are particularly important as they 
are known to scavenge radicals from peroxides. Cartasegna(11) has shown 
that increasing Irganox 1076 concentration inhibits gel formation and hence 
gel content. 
2) The Crosslinking Process 
Once the si lanes have been grafted on to the polymer the crosslinking 
is carried out beside the extrusion line in a water bath or sauna at 
temperatures in the range of 60 to 90·C. Water is used to hydrolyse the 
18 
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trimethoxy silanes to silanol (equation 2.4). The rate of the crosslinking 
reaction is controlled by the diffusion of water into the extruded product. For 
this reason silane crosslinking is usually restricted to thin samples where 
water penetration can be obtained in economical times. High temperatures 
increase the rate of water adsorption by increasing the size of the amorphous 
part of the polymer(12). This consequently makes it easier for water to enter 
the polymer e.g. cable insulation 2.5mm thick can take 6 days to crosslink at 
23°C and 55% relative humidity, whilst the same levels of gel can be 
achieved in 4 hours if the sample is heated to between 70 and 100°C. 
I yH2 
I 
?H2 
-CHzCHCH2CH2SiOH(OCI-II12 
-CHzCHCH2CH2Si(OCH3b + H20 -_. + 
CHJOH 
(2.4) 
The actual crosslinking process is via a condensation mechanism in 
which the water for hydrolysis is regenerated. The formation of siloxane 
bridges can involve three different reaction pathways according to the 
catalyst type used(12): 
a) Acid Catalyst (HA) 
I I 
-SiOH + HA .. SiOH2 + A (2.5) 
I I 
I 
H20Si 
I I 
-SiOH + + A .. -?i-O-?i- + H2O + HA I 
(2.6) 
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b) Base Catalysed (B) 
1 I + 
-SiOH + B .. -6i6 + BH 
I I 
1 + 
-SiOH + -OSi + BH .. 
I 
c) Neutral Salt Catalyst (AB) 
I 
2-6iOH 
1+ 
AB 
\ /0 ...... H 
S· A - I /\ I 
OH-B 
/ 
-Si-
I 
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(2.7) 
I . I 
-SI-O-Si- + H20 + B 
I 1 (2.8) 
.. + (2.9) 
In all cases the original catalyst and the water are regenerated and the 
condensation steps may be repeated several times. Typical salts used as 
catalysts are compounds of tin, e.g. dibutyltin dilaurate, dibutyltin dioctate. 
The rate of the crosslinking process can be affected in many different 
ways. As stated earlier the main determinant is the diffusion of water into the 
polymeric network. This is predominantly determined by the crystallinity of the 
sample. To decrease the crystallinity the samples are heated or small 
amounts of copolymer e.g. polypropylene are added. This reduces 
crystallisation as the polypropylene does not fit into the polyethylene crystal 
lattice(88) and so hinders the ordered arrangement of chains. The 
temperature of the cross linking process has been shown by Palmlof et al. (13) 
to have a considerable effect on the final gel obtained. Figure 2.2 shows that 
there is a large increase in gel as the crosslinking temperature is increased 
from 220°C to 380°C for ethylene vinyl si lane with a butyl acrylate copolymer. 
Palmlof et al. also showed that the gel produced could be affected by the 
molecular weight and molecular weight distribution of the initial grafted 
polymer or copolymer. From sol analysis by gel permeation chromatography 
the molecular weight is shown to increase on initial increase in gel but as gel 
content rises the molecular weight of the sol is shown to fall appreciably. 
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Figure 2.2 Gel Content Versus Crosslinking Temperature for EVSBA 
Copolymer. 
Palmlof suggests that this is due to the fact that large molecules are 
selectively incorporated into the crosslinked network before the low molecular 
weight material. Thus if the molecular weight distribution of the polymer is 
shifted towards high values the gel content obtained can be increased as 
there is more material for incorporation into the network. This is supported by 
Cartasegna(11) in his work on ethylene propylene elastomers (figure 2.3). 
The same author has shown that the concentration of the peroxide can also 
be used to control the level of gel obtained in the final product. as can the 
ethylene content in an ethylene propylene elastomer (figure 2.4). Typical 
peroxide concentrations used in silane crosslinking are between 0.2% and 
0.8% by weight depending upon the level of activity of the peroxide chosen. 
, 
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Recent Advances 
A recent advance made in the silane crosslinking market has been the 
introduction of ethylene - silane copolymers in 1986(14). Vinyl si lane is added 
to the reactor during the production of the polyethylene leading to the 
copolymer. The crosslinking process is exactly the same as shown earlier, 
but there is no need for the grafting process. This has a number of inherent 
advantages over the old processes, the main advantage being that there is 
no use of peroxides and so the processing conditions do not have to be set to 
account for peroxide crosslinking. Another advantage is that without peroxide 
in the system allowances for the type and levels of antioxidant do not have to 
be made. The molecular weight of the copolymer can be controlled in exactly 
the same way as for the polyethylene and also the si lane can be more 
homogeneously distributed within the polymer. The ethylene vinyl si lane 
copolymer produced can be pelletised and stored before processing, as the 
polymer has little tendency to crosslink until the catalyst is added. This is a 
large advantage over the si lane grafted polymers produced in the Sioplas 
process, as these have to be stored under dry conditions to prevent 
crosslinking occurring before the polymer is processed. 
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Figure 2.3 Gel Content Versus Molecular Weight for Two Different 
Levels of Ethylene Content - Upper Curve for High Ethylene Content. 
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2.1.2. Irradiation Crosslinking 
Crosslinking by irradiation has been used for many years. For the 
crosslinking of thin walled moulded products irradiation is probably the 
dominant process, particularly with respect to polyethylene. Unfortunately the 
cost of crosslinking by irradiation can prove high due to the cost of the 
equipment and the high radiation energies required for thick samples, and 
this has limited its use to date in the main crosslinked polyethylene markets 
of cable insulation and plastic pipe, where the more economical methods of 
peroxide and si lane crosslinking are dominant. 
There are many different sources of radiation available for the 
crosslinking of polymers. Probably the most widely used however are Gamma 
and beta rays along with linear electron accelerators. Gamma rays are 
typically produced by a cobolt 60 radiation source, whilst beta rays are 
produced from strontium 90. The use of linear accelerators is probably more 
wide spread on a commercial basis, as they are easier to handle and can be 
turned off, whilst the atomic sources are obviously constant emitters of 
radiation as well as being hazardous to handle. 
One of the limitations to irradiation crosslinking over the years has 
been the ability of the excitation source to penetrate the sample. The typical 
effective beam penetration of the sources mentioned above is in the region of 
between one and ten centimetres, according to how much acceleration 
energy is used. It has been stated(93) that the average penetration of an 
electron beam in polyethylene is approximately 3.5mm per MeV (mega 
electron volt), for electrons . with initial energy above 0.5 MeV. Thus to 
crosslink a specimen of a thickness of 1.4cm a 4MeV volt beam would be 
required. It is this requirement for such high energies which makes irradiation 
such an expensive technique in some crosslinking applications. 
Another problem lies in the ability of the irradiation to cause polymer 
degradation. The crosslinking dose must be controlled accurately in order to 
crosslink. the product and not cause degradation by chain scission(22). It has 
also been reported(94) that any non terminated allylic free radicals produced 
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during irradiation crosslinking may remain in the polymer and cause chain 
cleavage and degradation at some time after the treatment. 
The Mechanism of Crosslinking 
The basic mechanism of crosslinking of polyethylene is well stated 
within the literature(12,14). The accepted simplified mechanism is one of 
hydrogen atom abstraction to form an alkyl macroradical. The hydrogen atom 
produced then abstracts another hydrogen atom to form a hydrogen molecule 
(which is vented from the reaction vessel). This again yields an alkyl 
macroradical. The two macro radicals then combine to form one crosslink. 
(2.10) 
• 
--.... -CH2CH- + H2 (2.11) 
-CH2CH-
_ .. I (2.12) 
-CH2CH-
This scheme is however very over simplified and there are many other 
reactions that take place which can determine the overall reaction 
mechanism. These reactions are usually influenced by the structure of the 
particular material being cross linked. For example the presence of terminal 
vinyl groups is known to increase the efficiency of the crosslinking 
process(27), whilst the presence of butyl branches in polyethylene has been 
shown to induce chain scission reactions rather than crosslinking(19). 
The Effect of Unsaturation on Radiation Crosslinking 
It has been known that unsaturation affects reactions occurring during 
irradiation and undergoes changes since the early 1950s(15). M. Dole et al. in 
a study on the effects of irradiation showed that the levels of unsaturation in 
polyethylene could be followed by means of infra red spectroscopy. The 
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results showed that for Marlex 50 polyethylene irradiation caused a decrease 
in the concentration of the terminal vinyl group concentration with increasing 
irradiation dose and that this decrease followed a first order pathway. In 
addition the trans-vinylene group was shown to increase in concentration 
whilst the vinylidene decreased in a similar manner to the vinyl group. Dole, 
. Fallgatter and Katsuura(18) suggested the following reasons for the decay of 
terminal vinyl group concentration. 
Vinyl Decay 
The following reactions have been suggested as means of vinyl decay 
in irradiated polyethylene: 
a) Isomerisation of Vinyl to Form Vinylene 
This was suggested but discounted as a major form of terminal vinyl 
decay. If decay was to have been· by this method we would expect the 
concentration of trans-vinylene groups produced to equal the concentration 
of terminal vinyl groups lost. This has been shown however not to be the 
case by Dole, and is supported in a recent paper by Ward, Jones and 
Sulman(16) 
b) Hydrogen Atom Scavenging by the Vinyl Group 
Dole points out that G(H2) (G - values relate to the number of units - in 
this case hydrogen atoms, produced per 100 electron volts of energy applied) 
for polyethylene (3.8) is more similar to that for a saturated alkane (6 for n -
heptane and 4.7 for linear polymethylene) than it is for an unsaturated alkene 
in which hydrogen atom scavenging is known to occur (0.8, 0.6 and 1.4 for 1 
hexene, 1 - octene and n - hexadecene respectively). He thus concluded that 
if vinyl decay was to be purely by hydrogen atom scavenging then we would 
expect G values nearer to those of the alkenes. Lyons(17) also points out that 
in high density polyethylene the vinyl groups are known to reside principally 
within the amorphous phase of the polymer. Thus on a statistical basis it 
would be expected that only about one fifth of the H atoms produced would 
26 
Chapter 2 - Review of the Literature 
be available to the vinyl groups for scavenging. Previous work has shown 
that a seventy five percent drop in hydrogen yields has been obtained during 
irradiation and that this does not fit in with the number of vinyl groups 
available for scavenging. Thus it has been concluded that hydrogen atom 
scavenging may have a small contribution to vinyl decay but can not be a 
major source. 
c) Terminal Vinyl Reacts With a Polymer Chain in an End Linking 
Reaction 
Vinyl groups are activated by irradiation to an electronically excited 
state which decays by direct addition of the vinyl end to a neighbouring 
saturated polymer chain. 
hv • ---'.:.:...-;.~ -CH-CH2 
• 
(2.13) 
• (2.14) 
This mechanism has been supported by Lyons(17), who found that the 
insensitivity of vinyl decay to quenching or orientation, coupled with its 
sensitivity to changes in the amorphous content of the material was in 
agreement with the theory that vinyl decay occurs as a result of reaction with 
mobile alkyl radicals to form end links. Lyons stated that as the vinyl end 
groups of high density polyethylene lie solely within the amorphous phase of 
the polymer any changes to this region would have an effect on the rate of 
vinyl decay. 
d) Ion Molecule Reaction Theory 
This was proposed as a mechanism of first order vinyl decay in 
polyethylene by Dole and Fallgatter(18). The assumption was based on the 
work of Collinson, Dainton and Walker(22), who studied the effects of 
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irradiation on n - hexadecene -1. They found that when n-hexadecene -1 was 
irradiated it polymerised with the decay of the terminal vinyl unsaturation. 
When attempts were made to undertake the polymerisation with thermalised 
peroxide compounds no products larger than the hexadecene itself were 
produced. They thus postulated that the polymerisation obtained during 
irradiation must be due to an ion - molecule type reaction rather than a free 
radical type pathway. 
Collinson et al. suggested that when n-hexadecene - 1 was irradiated 
two types of ion could be formed: 
+ 
H(CH2)14 - CH = CH2 (carbonium ion) (A) 
(molecular ion) ( B ) 
However due to the greater electron density of the double bond they 
predicted that ions of type A would migrate along the saturated chain to 
reside on the double bond to form an ion of type B. When these ions come 
into contact with another hexadecene - 1 molecule it is possible for a proton 
from the alpha carbon atom to transfer to the neighbouring double bond. 
When this happens the products will always be an allylic radical and an 
isohexadecyl carbonium ion as shown below: 
~ 
H(CH2l14 - CH - CH3 + H(CH2l13 - CH "CH :0 CH2 
Growth of the polymer chain from the carbonium and molecular ions shown 
above will always take place at the terminal vinyl of the neighbouring 
molecule. This is because of the greater stability of the secondary compared 
with the primary carbonium ions produced. The reaction schemes are shown 
below: 
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Reaction With Carbonium Ion 
+ .. (215) 
Reaction With Molecular Ions 
+ (216) 
It can be seen that reaction with carbonium ions produces a methyl branch. 
Methyl branches have been shown to be produced during the irradiation of 
polyethylene by Horii et al.(30). If this mechanism is applied to polyethylene it 
may explain methyl branch formation. 
The theory of ion crosslinking has been accepted by Lyons(17) in 
samples which are crosslinked in the solid phase, but not in the melt. Lyons 
states that in the solid phase the polymer chains would be close enough to 
undergo ion interaction, whilst in the melt the free movement would make ion 
combination less likely. 
e) Reaction With Migrating Radicals 
The following reaction mechanism for vinyl decay has been presented 
by Crook and Lyons(34), and is similar to that presented by Simha and 
Wall(37). 
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RH .. R· + H· (2.17) 
RH + H· .. R· + H2 (2.18) 
2R' .. R-R (2.19) 
R' + R1H 
-
RH + RI' (2.20) 
VI + RI' .. RRl (2.21 ) 
Where RH is a polymer molecule, R1 H a polymer molecule or a hydrogen 
molecule and VI a carbon - carbon double bond. 
It can be seen that reaction 2.20 implies that radicals can move along 
the polymer chain in an hydrogen abstraction I transfer type mechanism, and 
that because the radical is regenerated this is a chain reaction. As the vinyl 
groups reside principally in the amorphous phase then the relative 
importance of reactions 2.19 and 2.21 would be expected to be affected by 
changes in the levels of the amorphous phase. 
Production of Vinylene Unsaturation 
The growth of vinylene unsaturation with increasing levels of radiation 
dose has been shown to be a linear relationship, which is practically 
independent of temperature. Thus Dole et al.(15) concluded that the vinylene 
group is formed in the first chemical process occurring on neutralisation of 
the ions produced by the ionising irradiation. The following process was 
suggested: 
hv 
.. (2.23) 
, 
-CHCHr- + H' --... H2 + -CH=CH- (2.24) 
A similar reaction mechanism has been proposed by Lazar, Rado and 
Rychly(12), involving the disproportionation of secondary alkyl macroradicals 
and hydrogen. For the second hydrogen atom abstraction in the above 
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reaction to occur the primary hydrogen atom must react immediately. The 
yield of internal double bonds has been shown to be much the same in 
various samples of polyethylene, and this shows the stationary nature of the 
intermediary products formed. Lazar et al. suggested that the in the 
amorphous phase both cis and trans-vinylene double bonds are formed, 
whilst in the crystalline phase only trans-vinylene groups are apparent. 
Collinson et al.(22) have explained the formation of trans-vinylene 
unsaturation and the production of hydrogen, in their studies of hexadecene -
1, and ion molecule crosslinking. The mechanism proposed is one of 
hydrogen elimination from the dimers shown in part (d) earlier, for example: 
CH3 
I + 
H(CH2)14 CH - CH2- CH-CH2-CH2- (CH2)12H 
(2.24) 
AND 
1 (2.25) 
this will occur in a fraction of the propagating ions, either by a spontaneous 
process or during chain propagation. 
Formation of Long Chain Branches and Crosslinks 
When polyethylene is irradiated at different temperatures in both the 
solid and molten state both crosslinks and long chain branches are known to 
occur. Zhu, Horii, Kitamaru and Yamaoka(20) have studied the formation of 
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both H - type crosslinks and Y - type long chain branches formed during 
gamma ray irradiation by a &lCo source at 303K. Analysis of the irradiated 
samples was undertaken by solution state 13C NMR. (Sample dissolution was 
achieved with 1,2,4 - trichlorobenzene, and benzene - de). 
The post irradiation NMR spectrum of the polyethylene was shown to 
contain three new peaks at 41.10,31.88 and 28.6ppm respectively. These 
peaks were assigned to the carbons in the alpha and beta positions to an H-
type crosslink. The production of Y - type branches was not readily observed 
due to masking by the branches already in the sample. However when the 
contribution due to short chain branches was removed(95) it was possible to 
detect the formation of long chain branches. The yields of both the H - type 
crosslinks and Y - type branches have been shown to increase linearly with 
irradiation dose, in both the solid and molten states. H - type crosslinks are 
known to be formed by the combination of two secondary alkyl macro radicals 
as shown earlier in equation 2.12. Y - type branches can be formed in two 
ways: 
a) Combination of a primary and secondary radical 
• 
- CH2-CH2-CH - CH2-
+ • 
b) Addition of a primary radical to terminal vinyl group 
- CH2-CH2-CH-CH2 
+ 
-CH2-CH=CH2 
(2.26) 
(2.27) 
It has been shown by Randall and Silverman(21) that at low doses of gamma 
ray irradiation and at low temperatures the formation of Y - type branches is 
the predominant process. The mechanism of formation proposed is one of 
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addition of radical to a vinyl double bond (as discussed earlier this is known 
to be a favourable reaction). This was supported by Horii et al.(20) who 
showed that at low doses of irradiation the crosslinking of polyethylene was 
preceded by a large increase in the molecular weight of the material. 
However Horii also stated that as the temperature and irradiation dose are 
increased there is a move from formation of branches to the formation of H -
type crosslinks as the dominant process. The explanation offered for this 
phenomenon was that at lower temperatures the secondary radicals required 
to form H - links were less mobile than primary radicals and so formation of 
long chain branches is the more favourable reaction. However as the 
temperature of the process is increased the greater stability of the secondary 
radicals account for the increased formation of H - links. This was further 
supported by analysis of the formation of methyl branches. These are formed 
when a primary macroradical adds to the primary carbon of a double bond 
instead of the secondary carbon as shown below. 
- CH:!-?H - CH:!-C.Hz- (2.28) 
-CH:! 
-CH:!-?H-CH:!-CH:!- + H- • -CH:!-?H-CH:!-CH:!- (2.29) 
- CH2 CH:3 
A decrease in the concentration of methyl branches was observed when the 
irradiating temperature was increased, again this was thought to be due to a 
decrease in the concentration of the primary radicals. 
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2.1.3. Peroxide Crosslinking 
The use of peroxides to bring about crosslinking is probably more 
widely used within industry than either of the two techniques discussed 
earlier. Developed as a method of crosslinking in the early years of the 
1960s, it has become the major technique for vulcanisation in the cable 
insulation, plastic pipe ansl rotational moulding markets. The use of peroxides. 
to crosslink moulded items, particularly rotationally moulded products, was 
developed during the 1970's(23,24) and has the advantage that the 
crosslinking agent can be dispersed within the moulding constituents and 
thus with careful processing the crosslinks are formed uniformly through out 
the product. Rotational moulding with crosslinkable grades of polyethylene 
has been used to produce a range of products, from small valves to large 
12,000 gallon tanks weighing 4,500 pounds(23), where the main advantages 
are increased resistance to stress cracking, good weatherability, improved 
chemical resistance and excellent degradation stability. These are all 
properties which are equally important for the cable insulation and pipe 
applications. 
The main drawback to the use of peroxides to crosslink polyethylene 
lies in the necessity to have complete and careful control over the processing 
conditions to avoid flow problems. Crosslinking reduces the ability of the 
polymer to flow and in doing' so would easily block an extruder or other 
processing equipment. To overcome this a careful choice of peroxide and 
polyethylene grade has to be made, as the crosslinking has to be performed 
at low temperatures to avoid pre curing, i.e. the peroxide decomposition 
temperature must be chosen to match the melting point of the polymer. 
There are a number of commercial processes which are used to 
produce crosslinked polyethylene products: 
a) Engel Process 
Developed in 1967, this was the first process introduced for the 
production of extruded crosslinked HOPE products. It had the advantage of 
being able to handle high molecular weight polymers. Polyethylene is fed 
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from a hopper into a mixing chamber where the peroxide is injected. A screw 
conveyor then moves the mixture into a heated pressure chamber where the 
pressure and more mixing helps the peroxide to diffuse into the polymer. 
From here the softened polymer is forced through a heated die. The 
temperature of the die will be such as to bring about the decomposition of the 
peroxide and so initiate the crosslinking process. The level of crosslinking 
can be controlled by changing either the temperature, pressure, peroxide 
level or the rate of extrusion(25). 
b) Pont a' Mousson Process 
This is the technique most similar to that used in the cable industry.· 
Polyethylene (usually of a lower molecular weight than that used in the Engel 
process) is mixed with peroxide and extruded into a pipe. The pipe is then 
passed through a salt solution at temperatures of about 200·C which initiates 
the crosslinking process. 
c) Rotational Moulding 
Rotational moulding was first developed as early as the 1900s. It is 
now one of the fastest growing segments of the plastics industry with an 
annual growth rate of 15%. Polyethylene was first rotationally moulded during 
the early sixties and crosslinked products followed during the 1970s. The 
development of crosslinkable rotation moulding resins has made it possible 
to produce parts which have physical properties equal to if not superior to 
parts made by any other technique. 
In rotational moulding the mould is charged with powder, placed in an 
oven and rotated biaxially. During heating the resin melts and the rotation 
ensures that it takes the shape of the mould. After this stage the mould is 
removed from the oven and moved into a cooling chamber, where it is cooled 
by the use of air or water. Finally the mould is split and the finished article 
removed. 
The process of rotational moulding is such that for a new product the 
processing conditions have to be developed by a system of trial and error. 
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This involves varying the oven temperature and run times and then 'checking 
the moulding until the required standard is achieved. The moulding of 
crosslinkable polyethylene generally uses lower oven temperatures but 
longer run times than used with natural high density polyethylene. This is due 
to the kinetics of the peroxide decomposition reaction. Mouldings of 
crosslinked polyethylene exhibit improved impact strength, environmental 
stress crack resistance and overall toughness. 
The Mechanism 
The mechanisms of crosslinking brought about by the use of peroxides 
would appear from the literature to be very similar to those discussed earlier 
for irradiation crosslinking. The 'basic difference being the formation of 
radicals due to peroxide decomposition. The generally accepted basic 
mechanism is shown below: 
ROOR --•• 2RO' (2.30) 
(2.31) 
- CH2- CH- CH2 -
-" I (2.32) 
- CH2 - CH- CH2 -
The action of heat on the peroxide causes cleavage of the peroxide bond and 
yields a radical (e.g. alkoxy). The peroxide radical then abstracts hydrogen 
from the macromolecule to form a secondary macroradical. Two secondary 
macro radicals then combine to form one H - type crosslink. The combination 
of the two macroradicals has been shown by Atarot and Faucitano(26) to be a 
more favourable reaction than the combination between a macroradical and 
the primary initiator radical. However other authors (Posthuma De Boer and 
Pennings(31, 32») have pointed out that this may occur to a limited extent. The 
stability of radicals is known to follow the order tertiary> secondary> primary 
(3° > 2° > 1°)(96). Thus it follows that in high density polyethylene, where 
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branching is minimal, that secondary macroradicals would be more likely to 
form than primary macroradicals. 
Another way for polyethylene to crosslink in the presence of free 
radicals is via the site of terminal vinyl unsaturation. It is quite possible for the 
macroradicals formed to react with end groups as shown below, 
H 
I 
-CH2-C=CH2 + R· (2.33) 
As can be seen the macroradical is not terminated and a potential site of 
crosslinking is still available. The reaction would seem to be favourable as 
the presence of vinyl unsaturation has been shown to increase the efficiency 
of the crosslinking reaction(27, 28). However work by Atarot and Faucitano(26) 
has shown that the levels of double bond addition are ten times lower than 
those of hydrogen abstraction for tertiary butoxy radicals. This is thought to 
be due to the presence of allylic carbons at such double bonds. Allylic 
radicals are known to be more stable than alkyl radicals(96) and so would be 
more likely to form. This is supported by Hulse, Kerstang and Warfel(27) in 
their paper on the crosslinking of polyethylene with dicumyl peroxide. 
As with irradiation crosslinking a number of authors(15,17) have noted 
that there is an increase in the concentration of trans-vinylene unsaturation 
with gel content. This has been attributed to both a disproportionation 
reaction and to secondary hydrogen abstraction: 
a) Disproportionation 
Alkyl macroradicals may decay via transfer of an hydrogen atom from 
a beta carbon of one of the radicals to the carbon of the second radical. e.g . 
. 
2R'-CH -CH2-R" --•• + 
R'-CH=CH-R" 
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Disproportionation reactions may occur in parallel with the combination 
reactions that form the crosslinks(12). This will however depend upon the 
types of radicals involved. Primary radicals will combine in preference to 
disproportionation, the reverse is said to be true for tertiary radicals. The 
secondary radicals often present during crosslinking are also capable of 
disproportionation, and the extent will depend upon the number of beta 
hydrogen atoms in the vicinity of the radical centres. The proportion of 
disproportionation decreases with decreasing number of beta hydrogens(12). 
b) Abstraction of Second Hydrogen 
This was proposed by Vandrumpt and Oosterwijk(28). An alkoxy radical 
abstracts hydrogen from a carbon alpha to the radical site e.g. 
R-CH2-CH-R' + PO· --.. R-CH=CH-R' + POH (2.35) 
For this reaction to be viable the second alkoxy radical must have remained 
in the vicinity of the original decomposition, and hence the first alkoxy 
radical. Vandrumpt suggested that the cage mechanism of crosslinking 
presented by Van Dine and ShaW(30) could be used to explain the probability 
of two alkoxy radicals abstracting hydrogens from consecutive carbons in a 
polyethylene chain. 
Cage Mechanism of Crosslinking 
First presented by Van Dine and ShaW(30), this mechanism has been 
presented by many authors since(28,31,32,33) to explain the efficiency of 
crosslinking. The mechanism states that crosslinks can only be formed if, at 
the moment of decomposition of a peroxide molecule, segments from two 
polymer molecules form part of the solvent cage surrounding the peroxide 
molecule. Both radicals formed by cleavage of the peroxide should abstract a 
hydrogen from the adjacent polymer segments and then resulting 
macroradicals combine to yield a crosslink before radical diffusion occurs. 
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However if the radicals abstract hydrogen from an adjacent carbon on the 
same chain vinylene formation may result. 
Posthuma de Boer and Pennings(31,32,33) stated that under the terms 
of the cage mechanism cross linking will take place preferentially at sites of 
polymer entanglements, where polymer chains will be in close proximity to 
each other. The authors support their observations by results of solvent 
swelling experiments. The value of the chain molecular weight between 
crosslinks was shown to be close to the determined chain molecular weight 
between entanglements, leading the authors to conclude that entanglements 
are preferentially crosslinked, and that entanglement trapping occurs. 
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2.2. Effect of Crosslinking on the Properties of Polyethylene 
2.2.1. Crystallinity 
When studying the effect of crosslinking on the properties of a polymer 
it is perhaps best to start with the effect on crystallinity as the change in 
crystallinity is so often attributed as the cause for the change in other 
properties, e.g. tensile strength(25). The relationship between crystallinity and 
properties is however by no means exclusive and there are many other 
properties which, whilst accompanied by a change in crystallinity can cause a 
change in the mechanical properties of a polymer, e.g. molecular weight. 
From the literature it is generally accepted that crosslinking a polymer 
in the molten state causes a decrease in both the level of crystallinity and 
melting temperature(41 - 46,31,25,12). The most frequent explanation for this is 
that crosslinks restrict the mobility of the polymer chains, and in doing so 
impede their ability to form crystalline lamellae, resulting in a reduction in 
lamella size(12). Aslanian et al. (46) have also attributed the decrease of 
melting temperature to a decrease in lamella thickness. 
The effect of the different crosslinking methods on crystallinity has 
been presented by Venkatramann and Kleiner(43). Peroxide crosslinking was 
shown to obey the general trend of a reduction in crystallinity and melting 
point for an increase in gel content. The authors pointed out that peroxide 
crosslinking is nearly always carried out in the melt, where all previous 
thermal history and crystallinity can be neglected. Crosslinking in the melt 
means that the crosslinks are formed in the amorphous phase and on cooling 
inhibit the formation of crystalline lamellae. For radiation and silane 
crosslinking the relationship between crystallinity and gel content is less 
straight forward as the crosslinking actually takes place in the solid phase. 
For radiation crosslinking the authors found there was no change in 
crystallinity or melting point as shown during the first heating step in the DSC. 
During the second heating step however the melting point and degree of 
crystallinity were shown to decrease. The explanation offered for this was 
that irradiation is known to form crosslinks preferentially in the amorphous 
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phase: and so does not affect the crystalline lattice initially. This is shown in 
the first heat in the DSC. During the second heat, after the sample has been 
taken past the melting point and all previous crystallinity destroyed and then 
allowed to recrystallise the crosslinks in the material are able to exert an 
influence on the crystalline structure. The same conclusions have been 
drawn by Aslanian et al. (47) in a similar study on the effects of irradiation on 
crystallinity. This study however found that after initial radiation treatment the 
crystallinity can be seen to increase. This is attributed to the associated 
process of chain scission which in cleaving the chains creates smaller 
molecules which can then subsequently crystallise. Also as these chains 
have a lower molecular weight they can form more perfect lamellae and this 
is shown by an increase in the melting point. 
The effect of si lane crosslinking on crystallinity was also presented by 
Venkatraman and Kleiner(43). DSC studies showed that the degree of 
crystallinity is independent of the level of crosslinking in both the first and 
second heating cycles. The explanation offered was that the disruption to the 
crystallinity of the polyethylene had already occurred during the grafting 
process, and that as crosslinking takes place at the sites of the grafting they 
do not have any further effect on the crystalline lattice. This has the 
advantage that although the maximum gel contents obtained are lower than 
those of the peroxide or irradiation methods (60% compared to 88% and 75% 
respectively) the effect upon crystallinity is considerably less. The results 
showed that at a gel content of sixty percent the si lane crosslinked sample 
had a level of crystallinity of sixty seven percent compared with sixty and fifty 
eight percent for the irradiated and peroxide cured samples respectively 
(crystallinities determined from the second DSC heating stage). 
"This Is supported by Patel(48), Kener and Jenklns(49) and Manley and Qayyum(25). Patel states that ninety 
percent of the tennlnal vinyl groups present In polyethylene are to be found at chain fold surfaces and as such 
are excluded from the crystalline lattice. We have already discussed the fact that Irradiation attacks the site of 
tenninal vinyl groups, and so it follows that crossl1nklng occurs In the amorphous phase . 
• 
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As the results also showed that for an increase in gel content the crystallinity 
of both the peroxide and irradiation crosslinked samples decreased whilst 
that of the silane crosslinked sample remained unchanged, the differences in 
crystallinity would have been even higher at larger gel contents. 
As shown, many authors have presented work on the effects of 
crosslinking on crystallinity, but for irradiation crosslinking it is worth noting 
that crystallinity can also affect gel content. Keller and Jenkins(S2) presented 
a paper in which they suggested that the gel content can be affected by the 
amount of amorphous phase available to crosslinking. Quenched and slowly 
cooled samples were crosslinked with varying doses of irradiation. Whilst gel 
content was shown to increase with irradiation dose the levels obtained were 
shown to be higher in the quenched samples compared to the slowly cooled 
samples. The authors concluded that this was due to an increased 
concentration of the amorphous phase. The inability of polyethylene to form 
crosslinks in the crystalline phase was studied by Ungar and Keller(SO) who 
stated that the distance between carbon atoms on adjacent chains 
(approximately 4.1A) and the greater chain rigidity in the crystalline phase 
makes the possibility of crosslinking less favourable than in the amorphous 
phase where the chains are more mobile and in closer contact. Patel(48) adds 
to this by suggesting that as terminal vinyl groups are predominantly found in 
the amorphous phase any radicals formed in the crystalline phase would 
have to be alkyl radicals, and it is possible that these radicals will migrate to 
the more stable allylic positions outside the crystalline lattice. The migration 
of alkyl radicals to form allyl radicals has been demonstrated by other 
authors(12). 
The morphology of crosslinked polyethylene has been well studied. 
Phillips et al.<51 ,52,53,54,55) have presented a series of papers on the subject. 
The structure of the crystalline phase within the crosslinked material was 
shown to be of a banded sheaf like nature. Phillips suggests that the oriented 
sheaves and bundles are a consequence of crystallisation under stress. 
These stresses are thought to play a role in inhibiting the reeling in of 
polymer chains to form the crystalline phase and in doing so will cause 
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imperfect crystals to be formed. In irradiated polyethylene the formation of 
bimodal melting peaks has been observed(47). The extra peak was shown to 
disappear on repeated re-crystallisation. Ungar and Keller(50) have attributed 
the presence of the extra peak to the formation of an hexagonal structure 
instead of orthorhombic. Phillips et al. also state that when studying the effect 
of crosslinking on structure and crystallinity it is important to study the sol and 
gel phases separately. The sol phase is shown to have a melting temperature 
two to three degrees higher than the gel and this difference is seen to 
increase with an increase in the cross link density of the material. Also, as 
expected, the sol has a higher degree of crystallinity. The presence of 
crosslinks was shown to cause a reduction in the size of the spherulitic 
material. This is thought to be due to the crosslinks acting as sites of 
nucleation and increasing the nucleation density. 
2.2.2. The Effect of Crosslinking on Mechanical Properties 
The different effects of crosslinking on the mechanical properties of 
polyethylene has been well covered in the literature, and it is fair to say that 
the results and conclusions drawn are a little confusing. The most widely 
studied properties appear to be modulus, tensile strength and elongation at 
break. The results presented show that all three properties are affected in 
different ways according to the type of polyethylene, the method of 
crosslinking used and the test conditions. 
Tensile modulus has been shown to both increase(43,74) and 
decrease(81,31,77) with an increase in gel content. Poschet(77) studied the 
effect of different methods of crosslinking on the mechanical properties of 
different polyethylenes. He found that the modulus measured at room 
temperature decreased with gel content for the peroxide and silane 
crosslinked samples but increased in the irradiated samples. The increase in 
modulus for irradiated samples has been reported by other authors. Andrews 
and Bhateja(74) suggested that as crosslinking occurred in the amorphous 
phase. there is no disruption to the crystalline phase already present in the 
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sample, but that the scission of tie molecules in the amorphous phase could 
lead to an increase in the crystallinity of the sample and hence the modulus. 
Venkatraman and Kleiner(43) also presented an increase in modulus with gel 
content for irradiated samples. The test however was carried out at 150°C 
where crystallinity was absent and obviously had no effect upon the results. 
In addition to the irradiation crosslinking, peroxide and silane crosslinking 
were also studied. The treatments also resulted in an increase in modulus. 
The increase was however sharper for the irradiat~d sample than for the 
peroxide and silane crosslinked samples, and for a given gel content the 
modulus was higher. The authors suggested that this was an indication of the 
average crosslink density of the samples and that the number of elastically 
active strands per unit volume was higher in the radiation cured sample due 
to the fact that many more short strands were formed than in the peroxide 
cured sample where the crosslink density is more uniform. 
The results of tensile strength analyses are in accordance with those 
of the modulus tests. Again there are contradictions in the literature with 
crosslinking of polyethylene being reported as leading to both 
decreases(25,77,46) and increases(43,77,38) in its tensile strength. The effects 
of different test temperatures on tensile strength have been shown by 
Poschet(77). At room temperature tests showed that tensile strength 
decreased for all the different forms of crosslinking. At 150°C however the 
trend is reversed and the tensile strength was shown to increase. This has 
been supported by Venkatraman and Kleiner(43), who showed that at 150°C 
the effect on tensile strength is the same for all methods of crosslinking. For 
a given gel content the tensile strength of the silane cross linked sample was 
seen to be higher than that for the radiation and peroxide cured samples. 
Lyons and Vaughn(83) have presented a paper on the irradiation of different 
polyethylenes. The results showed that at room temperature tensile strength 
increases up to about 20MRad and then falls. The high density polyethylene 
was shown to have a higher strength than the low density polymer. 
Andreopoulos and Kampouris(57) have also reported an increase then a 
decrease in tensile strength with increasing gel content following work 
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carried out on peroxide crosslinked samples. The fact that strength has been 
shown to increase up to certain gel values and then decrease has been 
attributed to an increase in the molecular weight of the non gel portion of the 
sample(12) and hence an increase in the number of ties between lamellae. It 
has been shown(45) and discussed earlier in this chapter that chain extension 
can occur at the site of the terminal vinyl unsaturation. The authors who have 
reported a decrease in tensile strength(25,31) have usually attributed this to a 
decrease in the level of crystallinity caused by the increase in the gel content. 
Manley and Qayyum(25) suggested that crosslinking in air allows the 
formation of different peroxide compounds within the samples and these may 
be having the effect of reducing the tensile strength. 
The effect of crosslinking on the polymers elongation at break has also 
been well represented within the literature. Again both increases(81, 12) and 
decreases(83,77,38) have been reported. Lyons and Vaughn(83) showed a 
decrease in elongation break with an increase in gel content for both high 
and low density polyethylenes. The decrease was greater for the high density 
polymer, which showed a rapid decrease for a small increase in radiation 
dose, although it does slow down at higher radiation levels. Poschet(77) has 
shown that elongation at break decreases for all types of cross linking and 
does so at both room temperature and higher temperatures. Venkatraman 
and Kleiner(43) also show that there is little difference in the effect of the 
different methods of crosslinking on elongation at break. These results 
however show that elongation at break increases and then decreases for all 
samples with increase in crosslinking agent. For both the si lane and radiation 
crosslinked samples the change from an increase to a decrease in elongation 
at break occurs at a gel content of approximately forty eight percent. For 
peroxide crosslinked samples the change point is higher at about seventy 
percent gel content. Andreopoulos and Kleiner(81) showed that for peroxide 
crosslinked samples analysed at 50°C there was an increase in elongation at 
break with gel content. This has been attributed to an increase in the 
molecular weight of the polymer. Andreopoulos also showed that the values 
of elongation at break were dependant on the test speed. At a speed of 
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20mm/min the elongations obtained were twice those obtained at 50mm/min 
due to the polymer being more able to cope with the strain rate at the lower 
test speed. 
The effect of crosslinking on creep has been studied by Andrews and 
Bhateja(48), they found that crosslinking decreases creep in polyethylene. 
The explanation offered was that creep occurs primarily by molecular 
relaxation in the amorphous phase and crosslinking of this phase would 
inhibit the molecular relaxation. This is supported by other authors(19.63.78) 
who also found a reduction in creep on crosslinking. Rasburn, Klein and 
Ward(19) suggested that at low doses of irradiation a reduction in the creep of 
polyethylene may be due to an increase in the molecular weight of the 
sample as well as crosslinks. They also presented results which showed that 
in irradiated samples at high stresses the creep increased. The increase was 
ascribed to a process of crystalline slip made possible by chain scission in 
the crystalline phase. Short chain branching was shown to increase creep in 
crosslinked polyethylene at high strains by promoting chain scission during 
the irradiation stage. 
2.2.3. Stress Cracking 
Stress cracking is probably the most common mode of failure in 
polyethylene. Many authors have studied the subject and it has been shown 
that crosslinking increases the resistance to stress cracking and 
environmental stress cracking(21) (environmental stress cracking is an 
accelerated mode of failure which usually takes place in the presence of an 
active environment e.g .. heat or solvents). In order to understand how 
crosslinking may reduce stress cracking it is necessary to study the process 
by which failure occurs. This has been done by Lustiger and Markham(85), 
who studied a series of polyethylenes with different molecular weights and 
copolymer concentrations with a view to establishing a failure mechanism. 
The results showed that the mechanism primarily involved brittle fracture, the 
cause of which was attributed to disentanglement of tie molecules (tie 
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molecules are polymer chains which begin and end in adjacent lamellae, and 
which are often physically entangled with other chains). Lustiger and 
Markham suggested that brittle type slow crack behaviour occurs over longer 
times and lower stresses than would a ductile type fracture. In stress cracking 
the stresses on a sample are not high enough to pull the tie molecules out of 
the lamellae as they do in ductile fracture, but they do cause the tie 
molecules to untangle from other chains or restrictions. This occurs until only 
a few tie molecules remain and these are then unable to support the stress 
on the sample and as a result the material fails in a brittle manner. Lustiger 
and Markham showed that this mechanism is accelerated if the polyethylene 
is placed in solvent. The time to failure of samples in Igepal and air were 
shown to be seventy and one hundred and sixty hours respectively. This has 
been supported by Brown et al. (86) who showed that the activation energy of 
the fracture process was 118kJmol-1 in air and 69kJmol-1 in Igepal· Brown 
suggested the reason for accelerated failure in Igepal was that the solvent 
plasticised the amorphous material at the tip of a growing crack and in doing 
so enabled the tie molecules to become more mobile and to disentangle 
more freely. 
Lustiger and Markham(85) also studied the effect of molecular structure 
on stress cracking. They concluded that there are many different factors that 
may affect the stress crack resistance of a polymer, for example increasing 
polymer molecular weight was shown to increase the resistance by 
increasing the number of tie molecules. This is supported by Lustiger and 
Ishikawa(90) who showed experimentally that there was an increase in the 
number of tie molecules with an increase in polymer molecular weight. The 
explanation offered for this was that the longer the polymer chains the more 
likely they are to pass through adjacent lamellae. Herman and 
Biesenberger(87) showed that not only was molecular weight a contributory 
factor in affecting stress crack resistance but also the molecular weight 
distribution. They suggested that a narrow molecular weight distribution is 
beneficial as broad molecular weight distributions contained both high and 
low molecular weight material which can cause voids and so weaken the 
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polymer. Brown et a1.<84) studied the effect of annealing on stress crack 
resistance in polyethylene. Lustiger and Markham(85) have suggested that 
increasing crystallinity can affect stress crack resistance by reducing the tie 
molecule concentration. Brown(84) however showed that annealing 'can 
increase the stress crack resistance by increasing the perfection of the 
crystals. Brown suggests that increasing crystal perfection strengthens the 
crystals that contain the tie molecules and in doing so reduces the risk of a 
tie molecule pulling out of or shearing the crystal under applied stresses. 
Brown and Huang(88) also showed that increasing branch concentration can 
increase the stress crack resistance. Branches provide points of physical 
entanglements which inhibit the tie molecule disentanglement process. 
In addition to making use of the inherent properties of the material to 
increase stress crack resistance there are also external modifications which 
can be made, for example crosslinking. Crosslinking has been shown by 
Kohnlein(46) to substantially increase the resistance to stress cracking and 
environmental stress cracking by providing points of chemical strength to 
resist the stresses that would normally lead to molecular disentanglement 
and fracture. Denning(38) has also shown that crosslinking increases the 
resistance to solvent uptake by the polymer and in so doing prevents the 
solvent from entering the polymer and accelerating the growth of any cracks 
present. 
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3.0 Experimental 
3.1. Materials 
Characterisation of different cross linked poly ethylene systems was 
undertaken with a view to elucidating the mechanism of crosslinking. The 
following rotational moulding grade polyethylenes were used for the majority 
of the work: 
Polyethylene Comonomer 
DSM -Stamylex 5036DXU Octene 
Dupont - Sclair 8405 Butene 
Both of these polymers were supplied with antioxidant already present in the 
polymer. However to boost the oxidation protection during crosslinking all of 
. the samples produced with these polymers have had 0.1 % by weight of 
Irganox 1076 antioxidant added to them: 
OH 
Benzene propanoic acid - 3, 5, - bis(1, 1 - dimethylethyl) - 4 - hydroxy 
octadecyl ester. 
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Crosslinking was achieved in all samples with the use of varying levels 
of Perkadox 1490 peroxide: 
bis (tertiary butyl peroxy isopropyl) benzene. 
In addition to these polymers the following samples were used in some 
of the characterisation methods, in order to provide a comparison between 
conventional grades of polyethylene and rotational moulding grades. 
Polyethylene Comonomer 
Phillips - Rigidex 002/40 Hexene 
Zeigler B4291 P Butene 
Characterisation of these polymers was always undertaken on moulded but 
otherwise unmodified samples. 
3.1.1. Preparation ofthe Base Material 
Preparation of the base material for crosslinking was as follows. The 
polyethylene was weighed to the required amount and placed in a steel bowl 
in an oven at fifty degrees Celsius to heat through. The peroxide and 
antioxidant were weighed to the required concentrations by weight to provide 
the correct crosslinking formulation. Both the peroxide and the antioxidant 
were added separately to the polyethylene whilst still in the oven. Any 
residual peroxide was washed off the glassware with acetone and the 
washings added to the polymer 1 additives mixture. The mixture was then 
allowed to stand in the oven until the acetone had evaporated. The base 
50 
Chapter 3.0. Experimental 
material was then removed from the oven and mixed by means of a 
conventional food mixer. 
3.2. Sample Formulations 
The following sets of crosslinked polyethylene sample plaques were 
produced: 
1) Three samples of Stamylex polyethylene each with 0.5% by weight of 
peroxide and 0.1 % by weight of antioxidant. These samples are 
labelled STM/0.5/1A - STM/0.5/1 C respectively. 
2) Four samples of Sclair polyethylene with peroxide concentrations of 
0.2, 0.4, 0.6 and 0.8% by weight respectively and an antioxidant 
concentration of 0.1 % by weight. These samples are labelled 
SCUO.2/1 - SCUO.8/1 in steps of 0.2. 
3) Samples of Sclair polyethylene with peroxide concentrations of 0.0, 
0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8% by weight respectively. Each sample 
had antioxidant concentration of 0.1 % by weight added. These 
samples are labelled SCUO.0/2 - SCUO.8/2 respectively. 
4) Samples of Stamylex polyethylene with peroxide concentrations of 0.0, 
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8% by weight respectively. Each 
sample had antioxidant concentration of 0.1 % by weight added. These 
samples were labelled STM/0.0/2 - STM/0.8/2 respectively. 
5) Samples of Sclair polyethylene each with a peroxide concentration of 
0.4% by weight and an added antioxidant concentration of 0.1 % by 
weight but cross linked at 180°C for 7, 10,20,40, and 100 minutes 
respectively. These samples were labelled T180/7/0.4 - T180/1 00/0.4 
respectively. 
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6) Samples of Sclair polyethylene each with a peroxide concentration of 
0.4% by weight and an added antioxidant concentration of 0.1 % by 
weight but crosslinked at 160°C for 10, 20, 30, 40, 80 and 160 minutes 
respectively. These samples were labelled T160/1010.4 - T160/16010.4 
respectively. 
3.3. Sample Plaque Production 
3.3.1. Plaque Production for Sample Group 1 
The first set of three plaques (group 1 above) were produced by a 
method similar to that of Cawood and Smith(97). A steel mould of dimensions 
220mm X 220mm X 20mm was used along with two Teflon coated backing 
plates. The mould was lined with Tufnol strips to insulate the sides in an 
attempt to get uniform heating and cooling throughout the mould. This 
prevented the centre of the plaques from sagging as the edges cooled and 
crystallised quicker. The base material was weighed out to give the required 
thickness of plaque and spread out evenly in the mould. 
The mould and contents were placed in a pre-heated press and 
pressurised to approximately 12.4MPa. The mould was heated at 180°C for 
one hour. After this time it was transferred to another press at room 
temperature and cooled for one hour at similar pressures. Finally the mould 
was removed from the press and split to reveal the finished plaques. 
3.3.2. Plaque Production for Sample Group 2 
The second set of samples (group 2 above) were prepared by a similar 
method but the mould was much smaller, with dimensions of 70mm X 80mm 
X 3mm. The mould was pressurised to 12.4MPa and heated for ten minutes 
at 130°C. The temperature was then increased to 180°C for a further twenty 
minutes. Finally the mould was transferred to a press at room temperature 
and allowed to cool to room temperature over a period of thirty minutes at the 
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same pressure. Mould insulation was not required due to the much smaller 
and thinner size of the plaques. 
3.3.3. Plaque Production for Sample Groups 3 and 4 
The sample plaques for groups 3 and 4 were pressed in a mould of 
dimensions 120mm x 120mm x 3mm for thirty minutes at a temperature of 
180°C and a pressure of 12.4MPa. Cooling was again done in the press at 
room temperature and under similar pressures for thirty minutes. 
3.3.4. Plaque Production for Sample Groups 5 and 6 
The samples were crosslinked for varying times in the mould used for 
group 2 samples and for the times stated previously. The moulding pressure 
was again 12.4MPa and the plaques were allowed to cool at this pressure in 
the press at room temperature for thirty minutes before being removed from 
the mould. 
3.4. Characterisation 
3.4.1. Gel Content Analysis 
The determination of gel content provided the project with its greatest 
difficulty. The initial approach to determining the extent of crosslinking was to 
use the conventional method of Soxhlet extraction as stated in ASTM 
D2765(98). For this a bed of six heating mantles each with the Soxhlet 
extraction apparatus was used. Unfortunately the reproducibility of the results 
proved to be unreliable. The main reason for this was that the heating 
apparatus was not powerful enough to produce hot xylene solvent in the 
Soxhlet vessel. The result of this was that extraction of the sample was being 
attempted with only warm and not near boiling solvent. Consequently the gel 
content results obtained were seen to vary from run to run. 
Following the discarding of Soxhlet extraction as a viable method the 
use of a wire cage to suspend the polymer in boiling solvent, as stated in BS 
5468(99) was attempted. The problem encountered with this method was that 
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the gelled samples were swelling to an extent that they were forcing their way 
through the cage mesh. Increasing the size of the cage was not possible as it 
would not have fitted the extraction flask. 
The method that was eventually and successfully used was a variation 
of the use of a wire cage and is outlined below: 
Method 
Wire was looped through the top of the cellulose thimbles to make a 
loop by which they could be suspended. The thimbles were then dried in an 
oven at 110°C for twelve hours before being removed and cooled in a 
desiccator. Each thimble was then weighed against time for a period of four 
minutes. A graph was plotted of thimble mass versus the square root of time 
and the mass of the thimble at zero time was recorded from the graph. Next, 
approximately 0.2g of sample in the form of 1 mm3 pieces was added to the 
thimbles. A simple reflux apparatus was set up with a 250cm3 round bottomed 
flask which contained 130cm3 of xylene solvent and approximately 1 g of 
Irganox 1076 antioxidant. The thimbles were then suspended in the flask by a 
wire connected through the condenser. The samples were refluxed for twenty 
four hours, after which time they were removed from the flask and dried under 
vacuum for a further twenty four hours. After cooling in a desiccator the 
samples were weighed as stated earlier and the percentage of undissolved 
material (gel) calculated as follows: 
Mass of sample after extraction x 100 
Mass of sample before extraction 
3.4.1.1. Recovery of the Soluble Polyethylene 
(3.1 ) 
After Soxhlet extraction it was necessary to collect any soluble 
polyethylene for examination by 13C NMR spectroscopy and gel - permeation 
chromatography. This was achieved by the addition of an excess of methanol 
to the xylene solution. The resulting precipitate of polyethylene was then 
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removed from the solvent by centrifugation and dried in a vacuum oven for 
twenty four hours. 
3.4.2. Differential Thermal Analysis 
Thermal analysis is a term covering a group of techniques in which a 
physical property of a substance and/or its reaction product(s) is measured 
as a function of temperature. Differential thermal analysis (DTA) is the global 
term covering all differential thermal analysis techniques, whilst differential 
scanning calorimetry (DSC) is reserved for the DTA that directly measures 
calorific information. DSC, developed in 1963, is probably the dominant 
technique for the thermal analytical investigation of polymeric materials. 
When heated a substance will inevitably undergo either a chemical or 
physical transformation, and in doing so will either absorb heat (endothermic 
change) or evolve heat (exothermic change). DSC measures the heat energy 
change in a system when the material undergoes either an endothermic or 
exothermic change. The technique is particularly useful for a study of 
polymeric materials as polymerisation or structural changes (common when 
polymers are heated) are often accompanied by an energetic effect, so that 
changes such as melting and crystallisation will all show characteristic DSC 
thermograms. 
A modern differential scanning calorimeter consists of two sample 
bases housed in a thermally insulated cell to minimise temperature loss to the 
external environment. Each sample base has its own thermocouple, with 
another differential thermocouple being used to measure the temperature 
difference between the two bases. The first sample base contains the sample 
under test, usually housed in an aluminium pan. The second contains the 
reference. In reality the reference is usually just an empty sample holder. 
Under programmed control the temperature of the sample cell is increased 
linearly with time at a pre-determined rate and to a pre-set maximum 
temperature. As the sample is heated it will undergo a change of either a 
physical or chemical nature and in doing so will either release or absorb heat. 
Any temperature change between sample and reference is detected and 
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measured by the differential thermocouple system. The resultant differential 
temperatures are then converted to enthalpies and the results presented as a 
series of peaks or troughs according to whether the heat changes were 
endothermic or exothermic. The area between a peak or trough and its 
extrapolated baseline is a measure of the enthalpy of that change. This is of 
particular importance in polymer science as the enthalpy of melting or 
recrystallisation can be used to determine the degree of crystallinity of the 
sample. 
As DTA or DSC is often used as above to provide accurate 
measurement of changes with respect to temperature, such as melting point, 
oxidation induction, glass transition temperature and degree of crystallinity, 
calibration of the instrument is important. This is usually undertaken with a 
pure metal sample with an accurately known melting temperature and heat of 
fusion. Indium is a common example as it is available in a very pure state, 
crystallises well and does not oxidise so it may be used over and over again. 
Method 
Thermal analysis was carried out on a Dupont 910 thermal analyser 
fitted with a DSC cell. 10 to 15mg samples were cut, weighed and sealed in 
aluminium crucibles before being placed in the DSC under a nitrogen 
atmosphere. The samples were first heated at 10°C/minute to 180°C where 
they were held isothermally for 5 minutes. The samples were then air cooled 
at 10°C/minute to 40°C and once again held isothermally for 5 minutes. 
Finally they were reheated at 10°C/minute to 180°C. The cycle of heat - cool -
reheat was used to remove any previous thermal history from the sample. 
The melting pOint of the samples was taken directly from the peak of 
the trough on the thermogram. The crystallinity of the sample was calculated 
as below: 
(Heat of fusion of sample per unit mass) 
----------------------------------------- x 100 (3.2) 
(Ideal heat of fusion per unit mass) 
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The ideal heat of fusion for a sample of linear polyethylene of 100% perfect 
crystallinity was taken as 286.74J/g as stated in a paper by Richardson(100). 
3.4.3. Method of Determination of Oxidation Induction Time 
Oxidation induction time is the time required to bring about oxidation of 
the polymer at a given temperature in the DSC under a flow of oxygen. The 
oxidation of the polymer is detected as a change in the total heat energy of 
the system as explained above. 
Method 
The oxidation induction time of the two polymers was determined at 
Stewarts and Lloyds with a Mettler DSC. The method used was that stated in 
BS 2782 : Part 1 : Method 134A.(108) The test temperature was 200°C. 
3.4.4. Fourier Transform Infra Red Spectroscopy 
Infrared spectroscopy (IR) is a complex but particularly useful tool to 
the polymer scientist. It works on a molecular level and in doing so provides 
considerable information of both the chemical and configurational structure of 
the sample under test. 
The principle of infrared spectroscopy relies on the fact that every 
group in a molecule will vibrate in a number of manners that are affected by 
its environment. The total energy of a molecule consists of contributions from 
the rotational, vibrational, electronic and electromagnetic spin energies. Upon 
interaction with electromagnetic radiation a change in the total energy of the 
molecule will occur and this change can be observed as the absorption 
spectrum of that material. The infrared spectrum of any material is a 
characteristic fingerprint and it is this particular property which makes IR 
spectroscopy such an important technique in sample identification and 
characterisation. 
For IR absorption to occur the frequency of the absorbed ·IR must 
correspond to the frequency of a normal mode of vibration in the molecule 
and hence cause a transition between vibrational energy levels. In any 
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vibrating molecule there exists an oscillating dipole. A dipole will be either an 
emitter or an absorber of irradiation. Consequently the periodic variation of 
the dipole moment of a vibrating molecule results in the absorption or 
emission of radiation of the same frequency as the oscillation of the dipole 
moment. For a vibration to be visible in the IR spectrum there must be a 
change in the dipole moment of that vibration. 
To obtain an IR spectrum from a sample requires the production of a 
range of infrared wavelengths in the region of the electromagnetic spectrum. 
This is achieved with the use of an interferometer(101). The interferometer 
separates the radiation from the source into the separate wavelengths. It 
consists of a beam splitter and two mirrors one of which is stationary and the 
other fixed. Infrared light from a high temperature ceramic source impinges 
upon the beam splitter. At the beam splitter half of the light is reflected to the 
moving mirror and half to the stationary mirror. The split beams are then 
reflected back from the mirrors to recombine at the beam splitter. However 
since the path length of the light from the moving mirror is varied with respect 
to that of the fixed mirror, on recombination an interference pattern is 
produced. This is then focused on the sample. When the emerging radiation 
is analysed using Fourier Transform method an infrared spectrum is 
obtained. 
Method 
The base polyethylene samples were prepared for analysis by casting 
from xylene solution onto sodium chloride discs. The plaque samples were 
prepared by microtomy with a Reichert - Jung Polycut being used to produce 
sections of approximately 100iJm thickness. These were held between two 
sodium chloride discs. 
The infrared spectra were obtained from a Mattson 3000 spectrometer 
run in transmission mode with 16 scans for data collection and 16 scans for 
background calibration. 
In addition to the plaque samples; infrared spectra were obtained for 
samples of the base mixture and the antioxidant, using DRIFT analysis. A mix 
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of approximately four percent of sample in potassium bromide was prepared 
and run in absorption mode with 64 scans for both data collection and 
background calibration. 
3.4.5. Gel Permeation Chromatography 
Gel Permeation Chromatography is the chromatographic separation of 
macromolecules according to their size by crosslinked gels, and is often 
referred to as size exclusion chromatography. In most GPC applications 
polystyrene gels are common and are produced by suspension 
copolymerisation of styrene with divinylbenzene. 
The gel particles are packed tightly in a column within the GPC 
apparatus. The sample to be fractionated is dissolved in a common solvent 
(typically trichlorobenzene) and injected onto the top of the column. The 
sample and solvent is then pumped at a constant rate through the column. 
Fractionation takes place in the column in two ways. The main method of 
separation is by action of the gel pores. All the molecules experience a solute 
to wall exclusion effect inside the gel pore. Owing to greater steric 
interference larger molecules are kept away from the pore wall, whilst small 
molecules can approach more closely. The net effect of this is that there is a 
greater pore volume accessible ~o the small molecules. The result of this is 
that small molecules are retained in the pores longer than the large 
molecules. 
Separation also takes place in the interstitial volume between the gel 
particles. The larger molecules find it difficult to move through the interstitial 
spaces and as such remain in the centre of the column whilst the small 
molecules can diffuse through the column and reach the column walls. As the 
flow of the injected solution is quicker in the centre of the column the large 
molecules are moved through the column quicker. The overall result is that 
the large molecules are eluted from the column first, and the smallest 
molecules last. 
Detection of the eluate can be made by several methods, the most 
common however is the differential refractometer. A beam of monochromatic 
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light is split into two beams, each of which is passed through a sample cell. 
One of the cells contains the test solvent only, whilst the other contains 
eluate from the column. When the eluant from the column contains only 
solvent the baseline of the chromatogram is produced as the refractive index 
of the cells is equal. When sample begins to exit the column the refractive 
index of the sample cell contents change and this is recorded. The difference 
between the refractive index of the solvent and eluant is proportional to the 
concentration of the eluting polymer. 
The action of separation by GPC is such that if the retention volume 
can be directly related to the molecular weight of the sample by an 
appropriate calibration, then in principle a chromatogram can be made to 
yield molecular weight averages and distributions. This is achieved by 
calibration with samples of polystyrene whose molecular weight is accurately 
known and molecular weight distribution is narrow. The calibration by 
polystyrene is then applied to other polymers via the universal calibration 
relation, which is based on viscosity: 
At a given elution volume: 
Mps x (11)ps = Ma x (11)a 
M = molecular weight 
11 = intrinsic viscosity 
ps = polystyrene standard 
a = sample 
(3.3) 
The intrinsic viscosity of both the standard and sample can be measured by 
use of an in line viscometer or calculated from K and a values via the Mark -
Houwink relationship. Thus if the molecular weight of the standard is known it 
is possible to calculate the molecular weight of the sample (Ma) and its 
molecular weight distribution by measuring its intrinsic viscosity. 
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Method 
Samples for molecular weight determination were submitted to RAPRA 
Technology Ltd. The samples consisted of the soluble fraction from each of 
the plaques where enough sol could be collected. 
Molecular weights were determined using GPC by the following 
method:-
Solutions were prepared by addition of 50cm3 of solvent (1,2 -
dichlorobenzene) to 50 mg of sample and gently boiling for twenty minutes. A 
part of each solution was filtered through a glass fibre pad at 160·C. The 
filtrates were reheated to near boiling immediately prior to ini.ection. The 
chromatography conditions were as follows: 
Column: 
Solvent: 
Flow rate: 
Temperature: 
Detector: 
PI gel 2x Mixed gel - B, 30 cm, 10 micron. 
1,2 - dichlorobenzene with antioxidant. 
1 mllminute. 
140·C. 
Refractive Index. 
The GPC system used for this work was calibrated with polystyrene 
and a mathematical procedure as on page 60 was applied to allow for the 
difference in chemical type between the samples and the calibrants. The 
following constants were used: 
a= 
Log K= 
Polystyrene 
0.700 
-3.860 
Polyethylene 
0.695 
-3.927 
Due to variation between different GPC runs and on the advice of 
RAPRA a standard sample was sent with each of the sets of samples 
submitted for analysis. Variations in the value of molecular weight for the 
standard samples were then normalised with respect to changes apparent 
when compared to the molecular weight of the original standard. The 
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normalised data is presented in the results and the unmodified results as 
received are presented in the appendices. 
3.4.6. Crosslink Density Determination 
Upon crosslinking polymer molecules will inevitably form a three 
dimensional network. The elasticity of the crosslinked network not only 
depends upon the covalent C - C crosslinks but also the loops and physical 
entanglements of the polymer chains. Restrictions other than the covalent 
bonds are however only temporary and so are only effective in terms of 
crosslink density if they prevent the chains uncoiling. 
According to statistical thermodynamics the elastic chain segments 
between crosslinks are called the 'effective chains'. It is a measure of these 
effective chains which provides the determination of crosslink density. 
Probably the most common method of determining crosslink density is via 
solvent swelling. Organic solvents are used to swell the crosslinked sample 
by diffusing into the sample and solvating the polymer chains. The 
intermolecular forces are broken down and the network swells. An equilibrium 
is established between the solvation forces driving the chains apart and the 
elastic forces holding the chains together. The elastic forces are greater the 
tighter the cross linked network. 
The extent of the sample swelling is measured by determination of the 
weight ratio before and after immersion in solvent. Once the swell ratio (0) 
has been determined it is then possible to calculate the volume of polymer in 
the gel (Vr) via the equation below: 
1 
V r = ---------------
1+0p/s 
where: 
o = Mass of swollen polymer divided by mass of dry polymer. 
p = Density of the polymer. 
s = Density of the solvent. 
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Once Vr is calculated it is possible to calculate the molecular weight between 
crosslinks (Mc) i.e. the size of the effective chains via the Flory - Rehner 
equation as below: 
- P xV1 xVr1/3 
Mc = ---------------------------
In( 1-Vr) + Vr + WVr2 
where: p = Density of the sample. 
V 1 = Molar volume of the solvent. 
Vr = Volume fraction of the swollen polyethylene 
and is calculated using eqn 2 below. 
'I' = Polymer - solvent interaction parameter. 
Method 
(3.5) 
Two hundred micron thick slices were taken from the sample plaques 
known to be crosslinked from previous extractions. This was done with the 
aid of the Polycut microtome. 
For each sample five of these slices were accurately weighed and 
extracted in xylene using the same method as for previous gel content 
determinations. After extraction the samples were dried and re-weighed to 
determine the amount of extracted material. 
For the crosslink density determination, one slice of each sample was 
taken and weighed accurately to three decimal places. The samples were 
then placed in an open wire basket and submersed in 100cm3 of xylene. The 
xylene was contained in eight ounce jars and these were in turn submersed in 
an oil bath at 110·C. The samples were left in the oil bath for twenty four 
hours, after which time the baskets were removed and the swollen samples 
placed in a pre-weighed sample tube. The weights of the swollen samples 
were then determined. 
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The values of mass obtained for the dry and swollen polymer 
respectively were then used with the Flory - Rhener(106) equation to 
determine the molecular weight between crosslinks. 
3.4.7. Solid State 13C Nuclear Magnetic Resonance. 
First developed in 1953 high resolution NMR has become probably the 
most useful tool to the modern analyst for the identification and 
characterisation of organic and related materials. NMR relies on the principle 
that some atomic nuclei posses a nuclear spin which can be both detected 
and measured. For a molecule or atom to have a detectable nuclear spin it 
must have either an odd mass number or an odd atomic number. The most 
common atomic nucleus used in the NMR analysis of organic materials is the 
proton nucleus. This is followed by that of carbon 13, although due to the low 
natural abundance of 13C the signal does tend to be much weaker than that 
obtainable from proton NMR (NB. 12C can not be used as it has even atomic 
and mass numbers and so has an undetectable magnetic spin). 
When a magnetically active nucleus is placed in a strong magnetic 
field (~) it will spin about the direction of the field axis with a set frequency, 
commonly called the Larmor frequency. If this nucleus is then irradiated 
simultaneously with an alternating magnetic field at right angles to the main 
magnetic field (~) it will begin to resonate. When the frequency of the 
alternating field becomes equal to the Larmor frequency of the nucleus the 
resonance imposed is sufficient to produce energy transfer. It is this energy 
transfer which when measured produces the NMR spectrum of the material in 
question. 
The atomic nuclei in all molecules are subjected to a shielding effect 
from a magnetic field by the surrounding electrons. The extent of this 
shielding is varied according to the chemical environment of the atom. If at a 
constant irradiation frequency the strength of the main magnetic field is 
alternated it is possible to bring into resonance the same chemical species 
but in all the different chemical environments. This has the effect of moving 
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the peaks in the NMR spectrum in characteristic ways called the 'chemical 
shift' and allows direct information on the chemical environment of the nuclei 
to be determined. In practice the chemical shift of a particular nucleus in a 
given environment is measured against that of the nucleus in an internal 
standard substance (the most common is tetramethylsilane TMS) so that: 
Where: 
8 
8 = 
= 
Hsample - Hstd 
(3.6) 
Hstd 
Chemical shift. 
Hsample = Field strength at which the resonance of the nucleus of 
interest occurs. 
Hstd = 
Method 
Field strength at which resonance of the nucleus occurs 
in the standard. 
Samples were sent to the S.E.R.C. solid state N.M.R. facility at the 
University of Durham for subsequent 13C NMR analysis. 
Where necessary the samples were ground to a powder and analysed 
using single pulse magic angle spinning (SPMAS). SPMAS was used in 
preference to constant pulse magic angle spinning (CPMAS) to allow 
detection of both the crystalline and amorphous phases of the polymer. The 
reference compound used was tetramethylsilane (TMS). 
3.4.8. Microscopy 
Light or optical microscopy plays an important role in determining the 
molecular organisation and topographical aspects of polymers. The 
morphology of a particular polymer can have a significant effect upon its 
properties and the resolution of the optical microscope at 10-4cm makes it 
ideal for the study of polymer morphology and additives. Probably the main 
focus of optical microscopy in polymer science is in the study of the 
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crystalline phase. The crystalline phase in most polymers is made up of 
entities called spherulites. Spherulites are spherical in shape and their size is 
typically of the order of 100llm or less. They are birefringent and this makes 
them amenable to study by polarised light microscopy where the ability to 
rotate the plane of the light makes spherulites resolvable whilst the 
amorphous phase remains dark. This is particularly useful when studying 
crystalline growth rates from the melt. 
Method 
Thin sections of approximately 2~m thick were taken from each plaque 
under investigation. For this a manual microtome with a carbon dioxide 
cooling stage was used. The sections were taken with glass knives and 
examined under a Zeiss RS optical microscope using crossed polars. 
3.4.9. Mechanical Testing 
The determination of the mechanical properties of a polymer is 
commonly done under tension. By stretching a material a tensile stress is 
applied. This tensile stress can be defined for a section of uniform cross 
sectional area by equation 3.7. below: 
Where: (J = tensile stress 
F1 = tensile force 
Aa = cross sectional area 
(3.7) 
The tensile force is commonly measured by a load cell linked to the 
extenso meter, whilst the cross sectional area is measured before the test. 
The same principle as above can be used to measure the tensile strength of 
the material. Here however the force F1 is the force required to break the 
sample. 
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In addition to the tensile stress the same test will yield the tensile 
strain of the sample: 
e = tensile strain 
L 1 = length of sample under test 
Lo = original length of the sample 
(3.8.) 
The measurement of the change in length of the sample is done accurately 
by a laser extensometer. 
A typical output from a tensile test is shown below in figure 3.1. It can 
be seen that a variety of information that can be derived from one set of test 
results. 
Stress 
Ey 
Strain 
Figure 3.1. Typical tensile test data for polyethylene 
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A measure of the stiffness of a material i.e. its modulus can be taken from the 
gradient of the straight line on the test curve if one exists. 
Method 
a) Room temperature 
Samples for mechanical testing were cut from the plaques. Where 
possible the method of mechanical testing used was similar to that stated in 
ASTM D638M(1 07). 
The maximum stress, stress at break, extension at break, stress at 
high yield, and modulus of elasticity were determined using a 5kN load cell at 
a test speed of 50 millimetres per minute on a Lloyd testing machine. A laser 
extensometer was used to increase the accuracy of the results. 
b) High temperature 
Samples for high temperature mechanical testing were again cut from 
the sample plaques to be investigated. Again where possible the method 
followed that stated in ASTM D638M. 
The modulus, elongation at break and tensile strength of the samples 
was determined with a 100N load cell at a test speed of 100mm/min on a 
Hounsfield testing machine. The test temperature was 120°C and samples 
were allowed to equilibrate at this temperature for ten minutes prior to the 
test. 
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4.0. Results and Discussion 
4.1 Preliminary Characterisation of Stamylex and Sclair Polyethylene. 
Both of the unmodified polyethylenes were characterised by DSC, 
FTIR, GPC and NMR analysis. The methods used were as stated in the 
experimental section. 
The results of the characterisation are summarised in Table 4.0 below: 
Table 4.0. Results for the Sclair and Stamylex Base Polymers. 
Melting Crystallinity Mn Mw Mw/Mn 
Material Point (%) 
(OC) 
Sclair 126 47 24900 124500 5.5 
Stamylex 129 60 23800 109000 4.5 
Branches Per Branches Per OIT 
Material 1000 C's· Molecule· (M ins) 
Ethyl Ethyl Other 
Other 
Sclair 7 2 12.5 4 30 
Stamylex 5 8.5 80 
• Obtained by 13C NMR 
• OIT = oxidation induction time 
The results of the GPC analysis have been modified for run variation. The 
unmodified results are presented in Table 1 of Appendix 1. 
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4.1.1. Differential Thermal Analysis 
The DTA thermogram for Sclair polyethylene is shown in Figure 4.0 
and for Stamylex polyethylene in Figure 4.1. The melting point and degree of 
crystallinity as determined from the thermograms are shown in Table 4.0 
above. It is apparent that probably the main difference between the two 
polymers is in the level of crystallinity. The Stamylex polyethylene has a 
crystalline content which is some thirteen percent higher than that of the 
Sclair polyethylene. A consequence of this is that the Stamylex polymer also 
has a maginally higher melting point. 
4.1.2. 13C Nuclear Magnetic Resonance 
The spectra for the Stamylex and Sclair polymers are shown in Figures 
4.2 and 4.3 respectively. It can be seen in both spectra that the resolution of 
the peaks is poor. This is unfortunately characteristic of some solid state 13C 
NMR analysis. Solution state NMR is thought to be a better technique for the 
analysis of polymers, but in our case it was not possible to obtain spectra in 
this way due to the low solubility of the samples. 
In both polyethylenes the peaks at approximately 30.7ppm and 
32.6ppm are assigned to the amorphous and crystalline CH2 units of the 
main polymer chain respectively. The peak at 14ppm relates to a methyl 
group in a branch of four or more carbons in length. It is not possible to be 
more specific in respect to this peak as branches with 4, 5, 6, 7, or 8 carbons 
will produce a peak at this shift value. In addition to the peaks already 
mentioned the Stamylex spectrum shows a peak at 23.2ppm, thought to be 
due to a CH2 group next to a chain end methyl. The Sclair spectrum shows 
additional peaks at 11.2ppm and 39.5ppm, due to a methyl group in an ethyl 
branch and a CH group at a branch point respectively. In both spectra the 
peak at 90ppm is due to spinning side bands and is independent of the 
samples. 
The spectrum of the Stamylex polyethylene (Figure 4.2) is consistent 
with the suppliers information that the polymer contains octene comonomer. 
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Chapter 4 - Results and Discussion 
The branching due to this comonomer is apparent at 14ppm and is probably a 
hexene side branch. Integration of the peak areas tells us that there is 
approximately five branches per thousand carbon atoms. When this is 
combined with the molecular weight results it is possible to calculate that the 
sample has approximately eight branches per molecule. The spectra obtained 
for the Sclair polyethylene however, does not seem to fit the suppliers 
information. Ethyl branching is present as indicated by the peak at 11 ppm, 
due to the butyl comonomer. However there also seems to be a small amount 
of larger branches i.e. of C4 or more as indicated by the peak at 14ppm. This 
is inconsistent with only butene comonomer. Integration of the branch peaks 
shows that there is approximately seven ethyl branches and two larger 
branches per thousand carbon atoms. From the molecular weight results this 
equates to twelve and four branches per molecule respectively. The Sclair 
polyethylene therefore although having smaller branches than the Stamylex 
polymer has almost twice the level of branches per molecule. This could 
explain why the DSC results show that the Sclair polyethylene has less 
crystalline material. The level of branching has a greater effect on 
crystallisation than the size of the branches and as a result crystallisation is 
inhibited more in the Sclair polymer. 
4.1.3. Fourier Transform Infrared Spectroscopy 
The full spectra of the Stamylex and Sclair polyethylenes are shown in 
Figures 4.4 and 4.5 respectively. The spectra were both obtained from 
solvent cast samples and so there were differences in the thicknesses of the 
films. It can be seen that the two spectra are very similar. The main 
polyethylene peaks due to vibrations of the CH2 unit in the carbon chain are 
evident in the regions of 2900cm-1, 1470cm-1 and 725cm-1 in both samples. 
The peak at 2300cm-1 which is particularly clear in the Stamylex spectra is 
due to carbon dioxide. 
In order to observe the minor peaks of the samples both of the spectra 
were expanded. The expanded spectra are shown in Figures 4.6 and 4.7 for 
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Chapter 4 - Results and Discussion 
the Stamylex and Sclair polymers respectively. The assignment of the main 
peaks in the expanded spectra was as follows: 
Wave number Assignment. 
Icm-1. 
910 -CH=CH2 (terminal vinyl) 
966 -CH=CH- (trans - vinylene) 
1082 -C-C- (Stretch) 
1186 CH2 Wag (crystalline) 
1305 CH2 Twist (amorphous) 
1367 CH2 Wag (amorphous) 
(These assignments were obtained from the Encyclopaedia of Industrial 
Chemical Analysis102 ). 
As with the main spectra there are few differences between the 
expanded spectra, with all of the aforementioned peaks being present in both 
polymers. The overall shapes of the spectra are different but this is probably 
due to differences associated with the film thickness cast. With respect to 
unsaturated groups (shown at 966 and 910cm-1) it can be seen that there is 
a greater absorption for the terminal vinyl group in both cases. However as it 
was not possible to determine accurately the thickness of the films the peak 
size differences could not be quantified at this stage. 
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4.1.4. Gel Permeation Chromatography 
From Table 4.0. it can be seen that the molecular weight determination 
results are very similar for both polymers. Although the molecular weight 
difference is small it is apparent that the Sclair polyethylene has the higher 
value. The molecular weight distribution of the Sclair polymer is also wider 
than that of the Stamylex polymer. 
4.1.5. Oxidation Induction Time Measurement. 
As the title suggests this was a measurement of the time to bring about 
oxidation of the sample in oxygen as determined by DSC. The tests were 
carried out at Stewarts and Lloyds plastics and the results are shown in Table 
4.0 above. The Sclair polyethylene can be seen to have the lower induction 
time i.e. oxidation began earlier in this sample. This would suggest that 
oxidation inhibition is less in this polymer and so we would expect the Sclair 
polymer to be more active towards radicals, as oxidation inhibitors may be 
radical deactivators. 
4.2. Characterisation of Phillips and Zeigler Polyethylenes 
In order to compare the rotational moulding grade polymers with more 
standard polyethylene, characterisation was undertaken on samples 
produced by both the Phillips and Zeigler type mechanisms discussed in 
Chapter one. The polyethylenes chosen were Phillips Rigidex 002/40 and 
Zeigler B4291P. 
Samples were analysed by the FTIR, GPC and NMR methods stated in 
Chapter 3. The FTIR samples were taken from a moulded plaque, whilst the 
GPC and NMR samples were from the un-moulded resins. 
For comparative reasons the corresponding results for the Sclair and 
Stamylex polymers are shown alongside those of the Phillips and Zeigler 
polymers. 
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4.2.1. Gel Permeation Chromatography 
The normalised molecular weight results are shown in Table 4.1 
below, and the unmodified data in Table 2 of Appendix 1. 
Table 4.1. Results of the GPC analysis of the Phillips and Zeigler 
polymers 
Sample Mw Mn Mw/Mn 
Rigidex 002/40 240400 16000 15.3 
Zeigler 84291 P 293000 12300 23.5 
Sclair 124500 24900 5.5 
Stamylex 109000 23800 4.5 
Ilcan be seen from the above Table that the Zeigler polyethylene has a much 
higher molecular weight and wider molecular weight distribution than the 
Phillips polymer. The molecular weights of both the standard polyethylenes 
, 
are almost double, and in the case of the Zeigler polymer triple, those of the 
Sclair and Stamylex rotational moulding grades. It may be that these 
differences are related to the intended uses of the polymers. The lower 
molecular weights and molecular weight distributions of the rotational 
moulding grade polyethylenes would almost certainly give them better flow 
properties than either the Phillips or Zeigler polymers. This would obviously 
be of advantage when it comes to processing, as rotational moulding relies 
on relatively low centrifugal forces to form the shape of the intended products 
and so a polymer which flows easily is essential. 
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4.2.2. 13C - NMR 
The 13C NMR spectra for the Phillips and Zeigler polymers can be 
seen in Figures 4.8 and 4.9 respectively. The Phillips spectrum is very 
similar to that of the Stamylex polymer shown in Figure 4.2. The peak 
assignments are exactly the same in both samples. The peak at 14ppm 
relating to a branch of four carbons or more suggests that there are 
approximately eight branches per thousand carbon atoms, or (in combination 
with the molecular weight results) nine branches per molecule. As the Phillips 
polymer is thought to contain a hexene comonomer it is likely that these 
branches are of four carbons in length. 
The Zeigler polymer spectrum predicts the presence of two types of 
branching, the peak at approximately 11 ppm being due to ethyl branching 
and the peak at 14ppm being due to methyl groups on branches of four or 
more carbons in length. Integration of these peaks tells us that there is 
approximately six of both types of branch per one thousand carbon atoms. 
This converts to approximately five branches of each type per molecule and a 
total of ten. As the Zeigler polymer is thought to contain butyl comonomer the 
peak at 14ppm is unexpected as we would expect only ethyl branching to 
occur. As mentioned previously with the Sclair and Stamylex polymers the 
resolution of the solid state NMR spectra is not as good as may be expected. 
Consequently comparison of the Phillips and Zeigler polymers with the 
rotational moulding grade polymers is made more difficult, as differences are 
harder to define. It can however be said that the Sclair polymer has shown a 
similar relationship to the Zeigler polyethylene in that both spectra suggest 
the presence of branches which are longer than those expected from the 
respective copolymers. The number of these branches is also similar with five 
per molecule for the Zeigler polymer and four branches per molecule for the 
Sclair. There is however a difference in the level of ethyl branches with the 
Sclair polymer having twice the level of the Zeigler polymer. 
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4.2.3. Fourier Transform Infrared Spectroscopy 
The FTIR spectra are presented in Figures 4.10 and 4.11 for the 
Phillips and Zeigler polymers respectively. The peak assignments are the 
same as presented in Section 4.1. for the Sclair and Stamylex polymers. The 
spectra in this case were obtained from a moulded plaque, with samples 
microtomed to approximately 100l!m thickness. Accurate measurement of 
sample thickness was achieved with a micrometer. Both of the spectra are 
very similar with no additional major peaks. The biggest difference comes in 
comparison of the unsaturated groups. The peaks in the Phillips polymer at 
910cm-1 and 966cm-1 relating to the terminal vinyl and trans - vinylene 
groups respectively are very pronounced, whilst they are only just 
distinguishable in the Zeigler polymer. Quantification of the concentration of 
these groups was undertaken by multiplying the peak absorbance height per 
centimetre (sample thickness) by the factors below: 
Terminal Vinyl Trans - vinylene 
910cm-1 966cm-1 
0.31 0.17 
These values were determined from the following equation as demonstrated 
by Haslam, Willis and Squirrell103 
where: 
A 
C= 
eL 
C = concentration (gmol-11-1) 
A = peak height absorbance 
L = sample thickness 
e = extinction coefficient 
Extinction coefficients for the different groups were obtained from the above 
reference. 
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The results of the quantitative analysis are shown in Table 4.2 below. 
It is clear that the Phillips polymer contains more unsaturation than the 
Zeigler polymer. The results for the Phillips polyethylene are expected as the 
mechanism of production would leave one terminal vinyl group on each 
terminated chain, and this is reflected in the results below. 
In comparison with the rotational moulding grade polymers it can be 
seen that the levels of unsaturation are more indicative of a polymer 
produced by a Phillips type mechanism than one produced by a Zeigler 
mechanism, in which the concentration of both trans - vinylene and terminal 
vinyl unsaturation is notably small. 
Table 4.2. FTIR results for the Phillips, Zeigler, Sclair and Stamylex 
Polyethylenes 
Concentration per 1 000 Concentration per 
Material carbon atoms Molecule 
Trans - Terminal Trans - Terminal 
Vinylene Vinyl Vinylene Vinyl 
Rigidex 002/40 0.11 1.08 0.13 1.20 
Zeigler B4291 P N/A 0.05 N/A 0.04 
Stamylex Base 0.13 1.00 0.22 1.70 
Sclair Base 0.08 0.90 0.14 1.60 
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4.3. Characterisation of the Initial Crosslinked Plaques 
Cross linked plaques for both polymers were produced as described in 
3.2. parts 1. and 2. Characterisation of the plaques was achieved with the 
use of the methods stated in the experimental chapter. 
4.3.1. Gel Content by Extraction 
The gel content results for the first series of Stamylex polyethylene 
plaques are shown in Table 4.3. The results for the Sclair polyethylene 
samples are shown in Table 4.4. 
As all three Stamylex polyethylene samples underwent exactly the 
same preparation and crosslinking process it is surprising that one of the 
samples has not crosslinked. This suggests that the crosslinking I moulding 
process may have been at fault in this sample, for example the press may not 
have reached the required temperature. 
The results of the Sclair polyethylene can be seen graphically in 
Figure 4.12. There is a large increase in gel content between 0.2% and 0.6% 
of peroxide addition. Above 0.6% the gel content begins to level out. 
Table 4.3. Gel Content Results for Stamylex Polyethylene Plaques 
Sample Gel Content I % 
STM/0.5/1A 69 
STM/0.5/1B 69 
STM/0.5/1C 0 
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Table 4.4. Gel Content Results for Sclair Polyethylene Plaques 
Sample Gel Content I % 
SCUO.2/1 10 
SCUO.4/1 21 
SCUO.6/1 66 
SCUO.8/1 71 
4.3.2. Differential Thermal Analysis 
The results can be seen in Tables 4.5. and 4.6. for the Stamylex and 
Sclair polymers, respectively. 
Table 4.5. DSC Results for Stamylex Polyethylene 
Sample 1st Heat Cooling 2nd Heat 
Melting Crystall Peak Crystall Melting Crystall 
Point - inity Onset - inity Point - inity 
1°C 1% 1°C 1% 1°C 1% 
STM/0.5/1A 127 50 99 34 126 50 
STM/0.5/1 B 127 50 99 30 . 126 50 
STM/0.5/1C 129 58 101 36 125 53 
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Table 4.6. DSC Results for Sclair Polyethylene 
Sample 1st Heat Cooling 2nd Heat 
Melting Crystall Peak Crystall Melting Crystall 
Point - inity Onset - inity Point - inity 
1°C 1% 1°C 1% 1°C 1% 
SCUO.2/1 126 43 105 37 126 43 
SCUO.4/1 122 44 103 35 123 43 
SCUO.6/1 121 37 101 30 123 37 
SCUO.B/1 120 35 99 30 121 36 
For both polymers the results of all the stages in the DSC are shown. The 
results of the second heating stage are definitive of the samples and are 
directly comparable as previous thermal history will have been removed. 
Table 4.5. shows that for the Stamylex polyethylene samples 
STM/0.5/1A and STM/0.5/1 B both crystallinity and melting point are the 
same. Plaque STM/0.5/1 C however has both an increased crystallinity and 
melting point in comparison to the other plaques. This plaque is also the only 
sample to undergo a reduction in crystallinity and melting point during the 
second heating stage. This would suggest that complete reaction had not 
taken place in the press. 
All of the crosslinked samples exhibit a reduction in melting point and 
crystallinity in comparison to the uncrosslinked base material, whose 
crystallinity and melting point were 60% and 129°C, respectively. The 
reduction of these parameters with crosslinking was expected and has been 
demonstrated previously by Venkatramann and Kleiner43 as discussed in 
Chapter two. As crosslinking takes place in the melt, restrictions to 
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crystallisation occur on cooling and hence the melting point and amount of 
crystalline phase are subsequently reduced. This would explain the lowering 
of both values in the crosslinked plaques compared to the parent polymer. It 
would also explain why sample STM/O.5/1C, which we know not to have 
crosslinked, has a higher melting point and crystallinity in comparison with 
the other plaques. 
The results of the second heat stage in the DSC for the Sclair 
polyethylene are plotted in Figure 4.13. There is an obvious decrease in 
crystallinity with an increase in the concentration of the peroxide, and hence 
gel content. As with the Stamylex polymer one plaque stands out as having a 
higher melting point and crystallinity than expected. This sample also had a 
lower gel content than expected from the extraction results of the other 
samples. All of the crosslinked Sclair samples show a reduction in melting 
point and crystallinity in comparison to the parent polymer (126°C and 47% 
respectively), although this reduction is less pronounced than in the Stamylex 
samples. 
4.3.3. Molecular Weight Determination by GPC Analysis 
The results of the GPC analysis for both polymers are shown in Tables 
4.7. and 4.8. (The unmodified data are presented in Tables 4 and 5 of 
Appendix 1.) These results were all determined from uncrosslinked soluble 
material recovered after extraction as stated in section 3.4.1. 
The first observation from Table 4.7, is that the moulded samples have 
a higher molecular weight than the parent polymer. This is also mirrored in 
the molecular weight distributions as shown in Figure 4.14. The increase in 
molecular weight is not so pronounced in samples STM/O.5/1 A and 1 B as it is 
in STMlO.5/1 C. This sample has almost doubled its molecular weight and 
polydispersity. Again this is the plaque which had not crosslinked. 
The Sclair polymer GPC results presented in Table 4.8. reveal that 
there is an increase in molecular weight of the sol for the samples with low 
gel content and a decrease for the samples with higher gel content. Again the 
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molecular weight distributions have the same relationship (Figure 4.15). 
However sample SCU0.4/1 has a particularly high molecular weight result. 
Table 4.7. Molecular Weight Results for the Sol Samples of Stamylex 
Polyethylene 
Sample Mw Mn Polydispersity 
Stamylex Base 109000 23800 4.5 
STM/0.5/1A 126500 25700 4.9 
STM/0.5/1B 115000 22900 5.1 
STM/0.5/1C 201000 27800 7.3 
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Table 4.8. Molecular Weight Results for the Sol Samples of Sclair 
Polyethylene 
Sample Mw Mn Polydispersity 
Sclair Base 124500 24900 5.5 
SCUO.2/1 181600 7900 22.7 
SCUO.4/1 295400 14300 20.3 
SCUO.6/1 106400 15700 6.8 
SCUO.8/1 42000 10400 4.1 
4.3.4. Determination of the Molecular Weight Between Crosslinks 
Determination of the molecular weight between crosslinks can only be 
undertaken on samples sufficiently crosslinked for swelling to take place. This 
means that results are only available for some of the crosslinked samples. 
For the Stamylex polyethylene only samples STM/O. 5/1 A and 1 B were tested. 
The results obtained are presented in Table 4.9. 
The results show that the molecular weight between crosslinks is 
higher than the molecular weight of the uncrosslinked parent polymer. This is 
not surprising as we have already shown that the molecular weight of the sol 
samples from the crosslinked plaques was also higher than that of the parent 
polymer. 
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Table 4.9. Molecular Weight Between Crosslinks for the Stamylex 
Polyethylene 
Sample Molecular Weight Between 
Crosslinks 
STM/0.5/1A 139000 
STM/0.5/1B 154000 
The results of the analysis of the Sclair samples are shown in Table 
4.10. The values in this case are lower than the molecular weight of the 
parent polymer. However the peroxide concentrations used are higher than 
those for the Stamylex polymer. In these samples it can also be seen that 
there is a reduction in the molecular weight between crosslinks with an 
increase in the concentration of peroxide. 
In comparison with the Stamylex polymer there is quite a substantial 
reduction in the molecular weight between crosslinks, thus suggesting that 
there are more crosslinks per chain in the crosslinked Sclair samples. This 
shows that determination of the molecular weight between crosslinks is 
probably a better method of determining the extent of the crosslinking 
process, as the values for gel content suggest that there is very little 
difference between the extent of crosslinking for both polymers. 
Table 4.10. Molecular Weight Between Crosslinks for the Sclair 
Polyethylene 
Sample Molecular Weight Between 
Crosslinks 
SCUO.6/1 57500 
SCUO.8/1 36400 
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4.3.5. Fourier Transform Infrared Analysis 
The FTIR analysis took the same form as for the Phillips and Zeigler 
polymers discussed in Section 4.2. The main focus was on the change in the 
concentration of chain unsaturation. Examples of the crosslinked polymer 
spectra are shown in Figures 4.16 and 4.17 for the Stamylex and Sclair 
polyethylenes respectively. Inspection of both spectra and comparison with 
those of the base polymers show that there are no additional peaks due 
solely to the effect of crosslinking. In the crosslinked spectra the thickness of 
the sample required to allow effective analysis of unsaturation causes a 
reduction in the resolution of the main peaks and so not all of the peak 
splitting is evident. 
The results of the unsaturation analysis are shown in Tables 4.11. and 
4.12. below. Included in the tables are the results of the analyses of samples 
taken from plaques of the uncrosslinked parent polymers. 
Table 4.11. Results of FTIR Analysis of the Stamylex Polyethylene 
Sample Concentration of groups per 
1 000 carbon atoms 
Trans Terminal 
Vinylene Vinyl 
Stamylex Base 0.13 1.00 
STM/0.5/1A 0.44 0.07 
STM/0.5/1B 0.40 0.10 
STM/0.5/1C 0.30 0.37 
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Table 4.11 reveals the results for the Stamylex polyethylene. The first thing of 
note is the reduction in concentration of the terminal vinyl group on 
crosslinking. This is accompanied by an increase in the concentration of the 
trans - vinylene group. A similar relationship has previously been reported by 
Dole et al15 in early studies on the effects of irradiation crosslinking. 
Table 4.12. Results of FTIR Analysis of the Sclair Polyethylene 
Concentration (of groups) 
Sample per 1000 carbon atoms 
Trans Terminal 
Vinylene Vinyl 
Sclair Base O.OS 0.90 
SCUO.2/1 0.26 0.92 
SCUO.4/1 0.20 0.41 
SCUO.6/1 0.26 0.20 
SCUO.S/1 0.26 0.22 
The results for the Sclair polyethylene are similar to those of the Stamylex 
polymer and are shown graphically in Figure 4.1S. Again there is an increase 
in the concentration of the trans - vinylene unsaturation and a decrease in the 
concentration of terminal vinyl groups upon initial cross linking. Further 
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addition results in a further decrease in the terminal vinyl group 
concentration. The change in the levels of trans - vinylene is however less 
pronounced. The fact that the changes in concentration of the two groups are 
of a different magnitude suggests that the loss of terminal unsaturation and 
the increase in internal trans unsaturation are occurring in separate 
processes. 
4.3.6. Microscopy 
Observation of the crosslinked Stamylex samples showed that the 
spherulitic morphology was very patchy in all three plaques, but especially so 
in plaque STM/0.5/1 C, with areas of small spherulites being encompassed by 
larger spherulites (Figure 4.19). In the two crosslinked plaques a trans 
nucleation effect similar to that shown in Figure 4.20 (taken from STM/0.5/1 B) 
was observed. This effect was not seen in the uncrosslinked sample. 
The Sclair samples allowed comparison to be made between levels of 
gel content. It was seen that with no peroxide addition the spherulites were 
quite large and generally impinged upon each other so making identification 
of single spherulites difficult. In the cross linked samples the spherulites were 
seen to decrease in size with an increase in the concentration of added 
peroxide. As with the Stamylex polymer patches of small spherulites were 
seen encompassed by larger ones. The reduction in spherulite size with 
crosslinking has been reported by Phillips et aI58,59,60 who concluded that it 
was due to the cross links acting as sites of nucleation and increasing the 
nucleation density. 
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Figure 4.19. Plaque STM/0.5/1A Magnification 750X 
Figure 4.20. Plaque STM/0.5/1B Magnification 450X 
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4.4. Characterisation of the Peroxide and Antioxidant 
Infrared spectra of both the peroxide and antioxidant were obtained in 
order to try and identify peaks due to these additives in the polyethylene 
spectra. The peroxide spectrum was obtained by smearing the material onto 
sodium chloride discs. The antioxidant spectrum was obtained via the DRIFT 
method of analysis. In addition to infrared determination DSC was undertaken 
on the peroxide to identify the decomposition temperature, and hence the 
likely temperature at which crosslinking is most active. 
4.4.1. Infrared Analysis of the Antioxidant 
Figure 4.21 shows the infrared spectrum of Irganox 1076 antioxidant. It 
can be seen that the spectrum is complicated with many peaks, a number of 
which display considerable splitting. Probably the main peak in the spectrum 
is found at 1739cm-1 and is thought to be due to the carbonyl group of the 
propanoic acid group. On comparison with the spectra for the crosslinked 
Sclair and Stamylex polyethylenes (Figures 4.16 and 4.17) it can be seen that 
there is a peak present in both spectra at 1739cm-1 and this peak is thought 
to be due to the antioxidant in both cases. 
4.4.2. Infrared and DTA analysis of the Peroxide 
Again, infrared analysis resulted in a considerably complex spectrum 
(Figure 4.22). Identification of a peak that may be visible in the spectra of the 
polyethylene samples was difficult. The main peak at 2980cm-1 as with many 
of the other peaks was of no use as it would have been swamped by the 
absorption of the polymer. As a result it was found that it was not possible to 
detect the addition of peroxide to the samples. 
Analysis by DSC produced the thermogram presented in Figure 4.23. 
The peroxide was shown to melt at approximately 48·C and so it would have 
been molten when mixed with the polymer during preparation. Decomposition 
of the peroxide was seen to begin at approximately 150·C and reach a 
maximum between 160 and 170·C. At the chosen moulding temperature of 
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180°C decomposition appears to be almost complete and so crosslinking 
should be taking place quite effectively. 
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5.0. Characterisation of the Crosslinking Process - Results and 
Discussion 
5.1. Analysis ofthe Effects of Moulding Time and Temperature 
In order to explain the rogue samples (STM/0.5/C and SCU0.4/1) 
produced in the preliminary work a study of the effects of varying the 
moulding temperature and the moulding time was undertaken. As the chosen 
moulding temperature was initially 180°C the effect of changing moulding 
time was studied at this temperature. As a comparison, the effects of time at 
160°C were also studied. All of the samples were produced from Sclair 
polyethylene with a peroxide concentration of 0.4% and moulded at 
Loughborough University in accordance with the method presented in the 
experimental Chapter. Monitoring of the moulding temperature was achieved 
with the use of temperature strips present in the mould. The crosslinked 
polyethylene plaques produced were analysed by the methods presented in 
Chapter 3. The results are presented below. 
5.1.1. Gel Content Analysis 
The results for both sample series (groups 5 & 6, (p 51)) are detailed 
below in Tables 5.1. and 5.2. 
The results show that at 180°C crosslinking is such that almost 
complete gelation takes place in all of the samples. In fact, with the accuracy 
of a gel content determination being no better than 5% we could say that all 
of the samples are the same. The results are not surprising as the literature 
value for time to 90% decomposition of the peroxide used throughout this 
work at 180°C was twelve minutes. 
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Table 5.1. Gel Content Results for Sclair Samples Moulded at 180·C 
Sample Gel Content I % 
T18017l0.4 97 
T180/1010.4 97 
T180/2010.4 100 
T180/4010.4 97 
T180/10010.4 96 
Table 5.2. Gel Content Results for Sclair Samples Moulded at 160·C 
Sample Gel Content I % 
T160/1010.4 12 
T160/2010.4 71 
T160/3010.4 83 
T160/4010.4 100 
T160/8010.4 100 
T160/16010.4 100 
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At 160°C the results show that there is an increase in gel content up to 
a crosslinking time of forty minutes at which 100% gel is obtained. The 
increase is particularly steep between ten and twenty minutes as shown in 
Figure 5.1. Between twenty and forty minutes gel content rises but much 
more slowly. 
As at a moulding temperature of 180°C complete gelation was 
achieved after only seven minutes. We can therefore assume that previous 
plaques moulded for thirty minutes at this temperature will all have attained 
the maximum level of crosslinking possible for that system. However as we 
have shown, if the moulding temperature of the samples does not reach 
180°C the result could be samples with lower than the potential number of 
crosslinks. Gel content measurements on Sclair polyethylene moulded for 
thirty minutes with a peroxide level of 0.4% at 180°C have yielded results of 
21 and 94%, respectively (SCU0.4/1 and SCU0.4/2). The sample from the 
preliminary work (SCU0.4/1) was produced at the Stewarts and Lloyds site in 
Huntingdon. The gel content obtained is very low in comparison with the 
results achieved here at temperatures of both 180°C and 160°C. This would 
suggest that the Stewarts and Lloyds press was not reaching the 
programmed temperature, and as a result the plaques were being moulded 
and hence crosslinked at too Iowa temperature for maximum efficiency. This 
is supported by the fact that in the preliminary Sclair sample series SCUO.2-
0.8/1 the maximum gel content obtained was 71 % and this was for a sample 
with a peroxide concentration of 0.8% (SCUO.8/1). The plaque from the 
second Sclair sample series SCUO.O - 0.8/2 with a gel content of 94% for a 
peroxide concentration of 0.4% by weight is more in line with the results 
suggested above for a moulding temperature of 180°C. 
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5.1.2. Differential Thermal Analysis 
The DSC results for samples T160/1 0 - 160/0.4 and T18017 - 10010.4 
are shown in Tables 5.3 and 5.4 respectively. The melting points and 
degrees of crystallinity are those of the second heating stage in the DSC and 
thus are independent of thermal history. 
For the plaques moulded at 180°C there is very little difference 
between either the melting points or the degrees of crystallinity. This is 
expected as we have already seen that the gel content of the samples was 
also similar in each case. 
For the samples moulded at 160°C there is a slight decrease in 
crystallinity with an increase in the time of crosslinking. This is in line with the 
extraction results which showed that gel content is rising up to a moulding 
time of forty minutes. We have already discussed the fact that an increase in 
gel content results in a decrease in crystallinity and this is supported here. 
Table 5.3. DSC Results for Sclair Samples Moulded at 180°C 
Sample Meltil'lgPoint I °C Crystallinity I % 
T18017l0.4 124 42 
T180/1010.4 123 42 
T180/2010.4 124 42 
T180/4010.4 123 44 
T180/10010.4 124 41 
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Table 5.4. DSC Results for Sclair Samples Moulded at 160·C 
Sample MeltingPoint I ·C Crystallinityl % 
T160/1010A 124 47 
T160/2010A 124 46 
T160/3010A 124 44 
T160/4010A 123 43 
T160/8010A 123 44 
T160/16010A 124 43 
5.1.3. Fourier Transform Infrared Analysis 
The FTIR work has taken the form of previous FTIR analysis. The 
results are expressed graphically in Figures 5.2 and 5.3 for samples moulded 
at 180·C and 160·C, respectively. The results are also shown in tabular form 
in Tables 1 and 2 of Appendix 2. 
The results show that there is an increase in the concentration of trans 
- vinylene unsaturation and a decrease in the concentration of terminal vinyl 
unsaturation with an increase in the moulding time at both temperatures. In 
comparison with the base Sclair polymer (Chapter 4 p.89) it can be seen that 
for both moulding temperatures, at short times of 7 and 10 minutes, there is 
substantial decrease in the level of terminal vinyl unsaturation and an 
increase in the level of trans-vinylene unsaturation. For terminal vinyl 
unsaturation the decrease is greater over the first ten minutes of moulding 
than it is over the next hour and a half. This is probably due to the rate of 
dissociation of the peroxide as explained for the gel content results on page 
113. 
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Chapter 5. Results and Discussion 
When the two moulding temperatures are compared it can be seen 
(figures 5.2 and 5.3) that the levels of terminal vinyl unsaturation are lower in 
the samples produced at 180·C. This again could be due to the rate of 
dissociation of the peroxide. We would expect the peroxide to dissociate 
quicker at 180·C than at 160·C and to have more of an effect on the polymer 
as a result of having more radicals available for a given moulding time. 
In contrast to the terminal vinyl unsaturation, the trans - vinylene 
groups show levels which whilst increasing are approximately the same in 
both sample series. This suggests that changes in the concentration of trans -
vinylene groups are independent of the moulding temperature. If this is the 
case they must be occurring in a separate reaction to that which is 
accounting for the terminal vinyl groups. 
In the plaque moulded at 160·C for 160 minutes it can be seen that the 
concentration of the terminal vinyl group appears to have increased 
compared to the previous plaques. It is possible that due to the long time 
spent in the press decomposition may have occurred and this may have lead 
to an increase in groups which would absorb at this wavelength and so 
produce misleading results. 
5.2. Characterisation of Stamylex and Sclair Polyethylene 
In order to investigate further some of the results and trends found in 
the preliminary work, a more systematic study was carried out using a 
number of samples. The sample plaques for both the Stamylex and Sclair 
polymers were prepared by the method stated in Chapter 3 Section 3.2 
groups 3 and 4. The characterisation methods used were as outlined in 
Chapter 3, unless otherwise stated. 
5.2.1. Gel Content Analysis 
The gel content results for both polymers are shown graphically in 
Figures 5.4 and 5.5 and in tabular form in Tables 3 and 4 of Appendix 2. It is 
clear from the results that the Stamylex polymer remains uncrosslinked up to 
and including a peroxide concentration of 0.2% by weight. Above 0.2%, the 
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Chapter 5. Results and Discussion 
gel content rises sharply with increasing peroxide content but begins to level 
out with a plateau being reached at 0.7%. 
The Sclair polymer shows a similar relationship to that of the Stamylex 
samples. The main increase in gel content occurs between 0.2 and 0.5% and 
above 0.5% the gel content begins to reach a maximum. The main difference 
between the two polymers is that crosslinking is initiated earlier and the gel 
contents obtained are higher for any given peroxide concentration in the 
Sclair polyethylene. 
These results may be explained by the results of the oxidation 
induction time tests shown in Chapter 4. In the Sclair polymer oxidation 
occurs after about thirty minutes whilst the Stamylex polymer takes up to 
eighty minutes for oxidation to occur. It is likely that this is due to the 
respective antioxidants in both of the base polymers (prior to the addition of 
Irganox 1076). The Stamylex polymer either contains a higher antioxidant 
concentration or has a more effective antioxidant than the Sclair polymer. As 
antioxidants are known radical scavengers it would be expected that the 
sample with the lowest oxidation inhibition would have the highest gel content 
as less of the peroxide radicals would have been neutralised by antioxidant in 
the polymer. 
The gel content results for both polymers are higher than in the 
corresponding samples of the preliminary characterisation. This is likely to be 
due to the different moulding presses used. The preliminary samples were 
produced in the press at Stewarts and Lloyds. Subsequent samples were all 
produced in the press at Loughborough. As the temperature of the 
Loughborough press was measured during moulding and found to be within 
five degrees of the set temperature, it is likely that the difference in gel 
contents is due to a lower moulding temperature for the earlier samples. This 
would also explain why two of the preliminary samples had gel contents lower 
than expected from the other samples in their series, i.e. the Stewarts and 
Lloyds press was not reaching the set temperature and so the samples were 
being crosslinked at lower temperatures than expected. 
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5.2.2. Differential Thermal Analysis 
DTA analysis was undertaken on both Sclair and Stamylex second 
sample series. The results are expressed for both polymers in Tables 5.5 and 
5.6 and in Figures 5.6 and 5.7. The crystallinity results shown in the graphs 
are those of the second heating stage and so the results are directly 
comparable as previous thermal history was destroyed during the first heating 
stage. The degrees of crystallinity for both polymers agree well with the 
values found in the preliminary work. The uncrosslinked Stamylex polymer 
has a degree of crystallinity which is eleven percent greater than the Sclair 
polymer. This is likely to be due to the effects of branching as discussed 
earlier in Chapter 4. For the Sclair polyethylene it can be seen that 
crystallinity decreases upto a peroxide concentration of 0.4% by weight. 
Above this concentration the crystallinity remains level to within one percent 
either way. This relationship mirrors that shown by the gel content results 
stated in Section 5.2.1. 
The Stamylex polyethylene (Figure 5.7) also shows a decrease in 
crystallinity with the addition of peroxide. However in this case the initial fall 
can not be due to crosslinking as there was no gel until the peroxide 
concentration reached 0.3%. It is possible that the initial decrease is due to 
an increase in the molecular weight and level of branching in the polymer 
caused by the chains linking together prior to gel formation. 
On the whole the values of crystallinity of the Stamylex polymer remain 
higher than the corresponding samples of the Sclair polymer throughout the 
series. This is not surprising as the Sclair polymer samples have higher 
levels of gel for any equivalent peroxide loadings. 
The decrease in crystallinity in both polymers upon crosslinking is 
accompanied by a decrease in the melting point. This is to be expected if we 
consider that increasing the crosslink density will inhibit the formation of 
crystallites. This leads to not only less crystalline phase but also poorer chain 
packing. As a result the melting point of the crystalline phase is reduced. 
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Chapter 5. Results and Discussion 
Table 5.5. Crystallinity of Crosslinked Stamylex Polyethylene 
1 st Heat Cooling 2nd Heat 
Melting Crystall Peak Crystail Melting CrystaU 
Sample Point - inity Onset - inity Point - inity 
1°C 1% 1°C 1% 1°C 1% 
STMIO.0/2 132 58 107 54 130 61 
STM/0.1/2 130 47 106 45 130 49 
STM/0.2/2 128 47 105 41 128 49 
STM/0.3/2 130 47 105 41 127 47 
STM/0.4/2 126 45 104 38 127 46 
STM/0.5/2 125 45 103 38 125 46 
STM/0.6/2 124 42 103 35 124 43 
STM/0.7/2 124 40 104 36 124 44 
STM/0.8/2 123 42 102 35 123 43 
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Table 5.6. Crystallinity of Crosslinked Sclair Polyethylene 
1st Heat Cooling 2nd Heat 
Melting Crystal! Peak Crystal! Melting Crystal! 
Sample Point - inity Onset - inity Point - inity 
1°C 1% 1°C 1% 1°C 1% 
SCUO.0/2 129 45 105 41 127 47 
SCUO.2/2 126 41 101 34 125 43 
SCUO.3/2 124 40 100 35 122 41 
SCUOAI2 123 37 99 31 122 38 
SCUO.5/2 123 38 98 31 123 39 
SCUO.6/2 121 38 93 33 122 39 
SCUO.7/2 121 37 97 31 121 38 
SCUO.8/2 120 37 97 31 119 38 
5.2.3. Gel Permeation Chromatography 
The sol samples from both polymers were sent to RAPRA for high 
temperature GPC analysis. The results are shown in Tables 5.7 and 5.8 for 
the Stamylex and Sclair polyethylenes, respectively. The results have been 
corrected for run variation by reference to at standard sent with al! samples to 
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RAPRA. The unmodified results can be seen in Tables 9 and 10 of Appendix 
2. 
The GPC results for both the Stamylex and Sclair polyethylenes reveal 
that there is an initial increase in molecular weights and molecular weight 
distributions with the addition of (up to 0.2% by weight) peroxide. Further 
peroxide addition however results in a decrease in molecular weight. This 
trend mirrors that shown in the preliminary work. 
Table 5.7. Molecular Weight of Sol Samples for Stamylex Polyethylene 
Sample Mw Mn Polydispersity 
STM/0.0/2 102900 25500 4.1 
STM/0.1/2 202100 24900 6.3 
STM/0.2/2 346000 34200 9.7 
STM/0.3/2 188300 27900 6.5 
STM/0.4/2 94500 19600 4.6 
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Table 5.8. Molecular Weight of Sol Samples for Sclair Polyethylene 
Sample Mw Mn Polydispersity 
SCUO.0/2 123300 23800 4.8 
SCUO.2/2 322100 38800 8.1 
SCUO.3/2 100100 23950 4.1 
5.2.4. Determination of Molecular Weight Between Crosslinks 
Determination of the molecular weight between crosslinks was 
achieved by the solvent swelling method stated in the experimental chapter. 
Due to the nature of the test only gelled samples with sufficient crosslinks to 
swell without loss of physical strength were tested. 
The results for Stamylex polyethylene are shown in Table 5 in 
Appendix 2 and in Figure 5.8. 
The molecular weight between crosslinks decreases with an increase 
in the concentration of peroxide. The decrease is more prominent between 
0.4 and 0.5% peroxide with a drop of over 50000 compared to a drop of less 
than 50000 between 0.5 and 0.8% peroxide. This is similar to the gel content 
results which show an 11 % increase in gel between 0.4 and 0.5% peroxide 
and a further 11 % increase between 0.5 and 0.8% peroxide. 
The results for Sclair polyethylene are revealed in Table 6 in Appendix 
2 and in Figure 5.9. The trend shown is the same as that shown by the 
Stamylex polymer. Again there is a steep initial decrease followed by more 
gradual fall in molecular weight above 0.5% of peroxide. Although the results 
are in agreement with those obtained from gel content analysis, as were the 
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Chapter 5. Results and Discussion 
Stamylex results, they show that there is a continual increase in crosslink 
density and that at no point does crosslinking appear to stop as may have 
been suggested by the gel content results. This suggests that determination 
of crosslink density is perhaps a better way of measuring the effects of 
continual peroxide addition than is extraction of sol and estimation of gel 
content. The results of the Sclair polymer are all lower than those of the 
corresponding Stamylex samples. This supports the results obtained from gel 
content tests and reveals that the Sclair polyethylene is more active towards 
the peroxide and hence crosslinking. 
5.2.5. Fourier Transform Infrared Analysis. 
Analysis of the infrared results has taken two forms. The first is 
calculation of the number of groups per one thousand carbon atoms as stated 
in Chapter 4. The second was calculation of absorbance ratios in order to 
follow changes in peaks upon crosslinking. For this peak areas were 
calculated and the results were normalised with the area of the peak in the 
spectrum at 1082cm-1. This peak was assigned as due to the C-C bond of 
the main polymer chain. As such the peak area should not have changed with 
crosslinking of the samples. This allowed the measurement of changes in 
other peaks to be made relative to this peak. As with previous work the main 
focus of the FTIR analysis was changes in unsaturation. The ratio method 
has also made it possible to follow changes in antioxidant levels of the 
polymers by monitoring changes to the peak at 1739cm-1. 
The results are shown graphically in Figures 5.10, 5.12, and 5.14 for 
the Stamylex polyethylene samples and Figures 5.11, 5.13, and 5.15 for 
Sclair polyethylene samples. They are also presented in Table form in Tables 
7 and 8 of Appendix 2. As can be seen the results for both polymers are very 
similar and so they will be discussed together. In both polymers the results 
show that there is a decrease' in the concentration of the terminal vinyl group 
with an increase in the peroxide concentration. This is accompanied by an 
increase in the concentration of the internal trans - vinylene group. 
134 
..... 
U) 
01 
Stamylex Polyethylene 
1.00 -,-------------------------_ 
I/) E 0.90 
o 
.-
« O.BO 
(.) 
g 0.70 
o 
..- 060 
- . 
c: 
.20.50 
~ 
"E 0.40 
~ 5 0.30 
(.) 
0.0.20 
::J 
e (!) 0.10 
O.OO+------.------.------,------.------.------.-----,-----~ 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 O.BO 
Peroxide Concentration I Wt% 
1--- Trans Vinyl -&- Terminal Vinyl I 
Figure 5.10. Unsaturation concentrations versus peroxide concentration 
() 
::::r 
Ql 
S 
CD 
..., 
;0 
CD 
'" C ;::;: 
'" Ql 
::J 
a. 
Cl 00' 
o 
c 
'" 
'" o 
::J 
Sclair Polyethylene 
1.00,-------------------------------, 
III g 0.90 
<C () 0.80 
g 0.70 
o 
:: 0.60 
c: 
~ 0.50 
"E 0.40 
~ 
c: 0.30 
o 
() 
Co 0.20 
~ 8_------4.-
e 0.10 
C!) 
0.00 -j----j----+----!------"I----+-----+----j----1 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 
Peroxide Concentration I Wt% 
1--- Trans Vinyl .... - Terminal vinyl 1 
Figure 5.11 Unsaturation concentration versus peroxide concentration 
(") 
:J" 
Dl 
l:J 
~ 
CD 
.., 
~ 
::0 
CD 
(Jl 
c 
;::;: 
(Jl 
Dl 
:J 
Co 
o 
(Jl 
E 
(Jl 
(Jl 
o· 
:J 
1.20 
.Q 1.00 
ro 
~. 
~ 0.80 
Q) 
c... 
c: 
.Q 0.60 
~ 
:::J 
..... 
m 0.40 
c: 
:::::l 
0.20 
Stamylex Polyethylene 
Unsaturation Peak Ratio = A966 & A 910 
AlO82 AlO82 
0.00 -1----,----,----, ----,----,---,----,-----1 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 
Peroxide Concentration I Wt% 
1--- Trans Vinyl. ....... Terminal Vinyl. 1 
Figure 5.12 Unsaturation peak ratios versus peroxide concentration 
(") 
:::J" 
W 
~ 
a> 
., 
~ 
;;0 
a> 
en 
c 
en 
w 
:::J 
a. 
o 
en 
() 
c 
en 
en o· 
:::J 
Sclair Polyethylene 
Unsaturation Peak Ratio = A%6 &; A910 
1.20 AlO82 AlO82 
0 
:;:: 1 00 Cl! • 
a::: 
-><: III 0.80 
a. 
~ c: 
w 
OJ 
0 
:;:: 0.60 
Cl! 
L.. 
:J 
.... 
Cl! 
U) 0.40 
c: 
::J 
0.20 
0.00 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 
Peroxide Concentration I Wt% 
1--- Trans Vinyl --.k- Terminal Vinyl I 
Figure 5.13 Unsaturation peak ratios versus peroxide concentration 
0.70 0.80 
() 
:r 
ID 
'0 
CD 
-. 
~ 
;0 
CD 
'" C ;:;: 
'" ID 
::J 
a. 
9 
'" g 
'" 
'" o 
::J 
Stamylex Polyethylene 
6.00 Antioxidant Peak Ratio = A l736 
A 1082 
g 5.00 
ca 
c:: 
~ 
ca 
~ ~ 4.00 
w 
CD 
-
c: 
ca 0 
"C 
.§ 3.00 :r DJ 
" += 
~ 
c: t1l -. 
« ~ 
2.00 ;0 t1l 
en 
--
c 
~ 
... 
-
en 
ID 
1.00 , ::J c. 
0.00 0.10 . 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0 
Peroxide Concentration I Wt% en (') 
c 
en 
en o· 
::J 
Figure 5.14 Antioxidant peak ratio versus peroxide concentration 
Sclair Polyethylene 
I 
6.00 Antioxidant Peak Ratio = 
0 
:;:: 5.00 -
ro. 
a:: 
~ 
-
ro 
~ 4.00 
.-
c 
ro 
"C 
.§ 3.00 
:;:: 
c 
« 
2.00 .. 
1.00 , , , , , , , , 
0.00 0.10 0.20 0.30 0.40 0.50 0.60 
Peroxide Concentration I Wt% 
Figure 5.15 Antioxidant peak ratio versus peroxide concentration 
A 1736 
A 1082 
--
0.70 0.80 
;0 
Cl> 
(IJ 
c: 
en 
tlJ 
:J 
C. 
o 
w' g 
(IJ 
(IJ 
o· 
:J 
Chapter 5. Results and Discussion 
This relationship has been detected both qualitatively in the absorbance ratio 
results and quantitatively in the results of the group concentrations. A similar 
change in unsaturation has been previously reported by Dole et ails in work 
on the irradiation crosslinking of polyethylene. This will be discussed further 
in the discussion Chapter to follow. 
Analysis of the peak due to antioxidant revealed that in both 
polyethylenes the level of antioxidant decreases with an increase in the 
concentration of peroxide as shown in Figures 5.14 and 5.15. As antioxidants 
are radical scavengers it would be expected for the antioxidant to be 
consumed as more radicals are produced by the increasing peroxide 
concentration. It is noticeable from the Figures that there is a two fold 
difference in the ratio of antioxidant between the two polymers.' It is likely that 
this may be due to different levels of absorbence caused by either different 
antioxidants, or the presence of other additives e.g. UV stabilisers that may 
absorb at the same wavelength as the antioxidant. It is also possible that the 
Sclair polyethylene contained more antioxidant in the original base material 
(Le. before Irganox was added) than the Stamylex polymer. This was 
supported by subsequent ultra violet spectroscopy analysis which showed 
that whilst the UV traces for both polymers were very similar, a greater 
absorbence was shown for the Sclair polymer for a given concentration than 
for the Stamylex polymer. Unfortunately, an attempt to obtain reliable 
quantitative information on the levels of antioxidant proved unsuccessful, due 
to fluctuations in the readings obtained from the spectrometer. 
5.2.6. Mechanical Testing of Stamylex Polyethylene 
Tensile Testing of Stamylex polyethylene (samples STM/O.O/2 -
STM/O.8/2) was undertaken, at both room temperature and elevated 
temperature (120°C). The room temperature results were not conclusive and 
very little difference was detected between cross linked and uncrosslinked 
samples. As a result of this emphasis for the testing was switched to high 
temperature testing. A typical stress strain curve resulting from the tests is 
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shown in Figure 5.16. The results of variation in tensile strength, modulus 
and elongation at break with peroxide concentration are presented in Figures 
5.17,5.18,5.19. 
Figure 5.17 shows that tensile strength initially increases and then 
decreases with an increase in the concentration of added peroxide. The 
switch from increase to decrease takes place at approximately 0.3% of 
peroxide and coincides with the point at which the molecular weight of the sol 
was shown to change from increase to decrease. This effect has previously 
been reported by Lazar et al.12 who stated that increase in molecular weight 
increases the tensile strength. 
The moduli of the samples are shown in Figure 5.18. It can be seen 
that modulus continually decreases with an increase in the concentration of 
peroxide. In the absence of any crystallinity we would expect an increase in 
gel content to increase the modulus of the sample, however as the modulus 
does not plateau with increasing peroxide concentration as was observed for 
gel content, it would seem that gel content is not the main property 
influencing the modulus change. Therefore the decrease in modulus is more 
likely to be due to a change in either the crosslink density and I or a change 
in the level and quality of crystallinity as was previously reported by 
Andreopoulos and KampourisB. 
Elongation at break was seen to increase and then decrease at a 
peroxide concentration above 0.1 %. The decrease in the elongation at break 
is consistent with the results of the crosslink density analysis. As the number 
of crosslinks increase we would expect that the extent of elongation would 
decrease as the chains would be less free to move. An increase followed by a 
decrease in the elongation at break has previously been reported for 
crosslinked polyethylene by Venkatramann and Kleiner43. 
Apart from the elongation at break results it is difficult to attribute 
changes in the other parameters to the degree of crosslinking. This may be 
due to the test temperature being below the melting temperature of the 
samples. This would allow residual crystallinity (i.e. that present at 
temperatures above 120°C) to have an effect on the results. As it was not 
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possible to obtain accurate test results at temperatures at which all 
crystallinity would be destroyed with the test machine used testing was 
restricted t6 only the Stamylex samples. 
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Chapter 6. Discussion of the results 
6.0 Discussion of the Results 
The results for both Chapters four and five will be discussed together 
as the preliminary work served mainly as a precursor to the later and larger 
sample series. Also, where possible the characterisation of both polymers will 
be considered together as their chemistry was seen to be similar in a number 
of ways. 
6.1. Comparison of the Base Polymers 
It can be seen from the results of the characterisation of the 
uncrosslinked parent polymers in Chapter 4 that both polymers are similar in 
their chemistry. This is perhaps not surprising as they are both rotational 
moulding grades and have been designed and produced with this in mind. 
Perhaps the major difference between the two polymers is in the type and 
level of branching present. We know from the suppliers information that the 
Sclair polymer contains butene comonomer and the Stamylex polymer octene 
comonomer, and consequently we would expect ethyl and hexyl branches in 
the polymers respectively. However we also know from the NMR analysis that 
the Sclair polymer also appears to contain branches which are larger than 
two carbons in length (Le. ethyl). These branches would not be expected from 
a butene comonomer, as during polymerisation some of the comonomer is 
incorporated into the growing chain resulting in branches which are smaller 
than the size of the original unit. This is shown in Figure 6.1. for a polymer 
produced by the Zeigler catalysis mechanism. Unfortunately due to the poor 
resolution of the solid state NMR analysis it was not possible to determine the 
exact size of these branches. Therefore we can only deduce that the 
branches are of four or more carbons in length. 
When these unidentified branches are combined with the ethyl 
branches we know to be present, the total number of branches in the Sclair 
polymer is seen to be almost twice that contained in the Stamylex material. A 
consequence of this can be seen from the DTA analysis results where the 
crystallinity of the Sclair polyethylene is lower than that of the Stamylex 
147 
--~ 
R 
1 Cl 
T./ CI- 1-
/1 
Cl Cl 
CH2 = CH-CH2CH3 
.. 
R 
I 
Chapter 6. Discussion of the results 
! H, /H2CH3 
R---------- C 
1 Cl 11 
CI-Ti(_ 
/ 1 ------ C 
Cl Cl H/ "H 
HC - CH2CH3 (Ethyl Branch) 
I 
CH2 
1 Cl 
T./ CI- 1-
/1 
Cl Cl 
Figure 6.1. Incorporation of Butene Comonomer by the Zeigler Catalysis 
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polymer. This is thought to be directly related to the difference in the number 
of branches, as even ethyl branches are likely to be excluded from the 
crystalline lattice, the number of branches plays a more prominent role in 
determination of the level of crystallinity than does the size of the branches. 
Another point of difference between the two polymers lies in the results 
of the oxidation induction time tests. The results show that the Sclair 
polyethylene oxidises in a shorter time than the Stamylex polymer. Again the 
number of branches could be the reason. The tertiary carbons produced at 
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branch points are more labile than secondary carbons and so would be more 
prone to the affects of oxidation. Thus as the Sclair polymer has more 
branches we would expect it to oxidise quicker. The number of branches will 
also affect the reactivity of the polymer towards radicals from the peroxide for 
the same reasons. The Sclair polymer would therefore be expected to 
crosslink more than the Stamylex polymer. 
However, the OIT results may also reflect a difference in the levels and 
types of antioxidant used for each polyethylene. If this is the case, and the 
Sclair polymer does have less antioxidant than the Stamylex material, then it 
is likely to be more reactive with respect to crosslinking by peroxides, the 
reason for this being that antioxidants are commonly radical scavengers and 
thus less of the radicals are likely to be lost to antioxidant in the Sclair 
polymer. 
Unfortunately, the OIT test results are not supported by the results of 
the infra red analysis for antioxidant. These have shown that the ratio of the 
peak attributed to antioxidant is greater in the Sclair polymer than in the 
Stamylex material. It is possible however that the peak at 1739cm-1 in both of 
the polymer spectra may be the result of not only antioxidant but also other 
additives, such as UV stabilisers which may also contain carbonyl groups. If 
this were the case it would then explain the differences in apparent 
antioxidant levels in the two polymers with respect to the two different 
methods of analysis. Unfortunately an attempt to measure antioxidant 
concentrations directly by UV spectroscopy proved unsuccessful and as a 
result the exact levels of antioxidant present in both polymers (prior to the 
addition of 0.1 % of Irganox 1076) is still unresolved. 
6~2. Gel Content Results 
It can be seen from the results in Chapter 5 (Figures 5.4 and 5.5) that 
for both the Sclair and Stamylex polymers crosslinking does not occur to any 
significant extent until between 0.2 and 0.3% of peroxide is added. Once \ 
crosslinking is established it can be seen that gel content increases rapidly 
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until a maximum is reached. It can also be seen that this maximum is higher 
in the Sclair polymer than in the Stamylex polyethylene (this is likely to be 
due to a difference in concentration of antioxidant or the level of branching as 
explained earlier). A similar trend to that outlined above has previously been 
demonstrated by many authors43,11,45,57 and is by no means unique to 
peroxide crosslinking. Venkatramann et al43 have demonstrated a similar 
relationship with both silane and irradiation crosslinking of polyethylene. In 
the Stamylex polyethylene the fact that crosslinking does not begin with the 
immediate addition of peroxide would seem to suggest that some other effect 
is occurring first, as any peroxide added would be expected to dissociate at 
the temperatures used and so radicals would be present. It may be that the 
antioxidant is dominating the reactions of the radicals produced or that some 
other reaction is occurring in preference to crosslinking. We have already 
seen from the GPC results that the molecular weight of both of the polymers 
in this project is increased prior to crosslinking and so it is possible that chain 
extension is occurring prior to crosslinking, resulting in an inhibition time for 
the crosslinking process for the Stamylex polymer. The inhibition time is not 
seen for the Sclair polymer, but this may be due to the increased reactivity 
towards the peroxide as a result of higher branching or a lower concentration 
of antioxidant. 
Also evident from the results in Chapters 4 and 5 (Figures 4.13, 5.6 & 
5.7) is the fact that with an increase in gel content there is a decrease in the 
level of crystallinity and melting point. This relationship can be seen more 
clearly in Figure 6.2 and 6.3 with gel content and crystallinity plotted on the 
same graph for both polymers. If we consider that crystallinity is a 
consequence of the folding and reeling in of polymer chains as suggested by 
Flory105, then it is not surprising that crystallinity decreases with an increase 
in gel. As crosslinks are points of. chemical bonding between two polymer 
chains, they will restrict the movement of those chains. It follows that if the 
molecular motion of the polymer chains is restricted then they are less likely 
to be able to fold in to an ordered crystalline form as suggested by Flory(105). 
This results in a decrease in the amount of crystallinity and in the nature of 
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the crystalline material i.e. the crystalline phase becomes less perfect and 
this in turn results in a lowering of the melting point of the samples. The 
relationship between gel content and crystallinity is perhaps best shown in 
Figure 6.4. where crystallinity is plotted as a function of gel content for all 
samples independent of the material. Although the results show some scatter 
(as may be expected from a system with a lot of variables e.g. different 
materials) it can be seen that there is a decrease in the level of crystallinity 
with an increase in gel content. As in this graph the results are independent 
of material the relationship between gel content and crystallinity is even more 
distinct. 
A decrease in crystallinity with an increase in the content of gel has 
previously also been reported by Phillips and Ka041 ,42, De Boer and 
Pennings31 and Manley and Qayyum25. 
The relationship betWeen gel content and crystallinity is of particular 
importance in this study because of the required properties of the product 
under consideration. Whilst crosslinking will almost certainly improve the 
stress crack resistance of the polymer a reduction in crystallinity may have 
detrimental effects on properties such as modulus and the permeability of the 
polymer (and hence pipe/fittings) to both liquids and gases. The best case 
scenario would probably be a level of peroxide which would produce 
sufficient crosslinking to remove problems associated with stress cracking 
whilst retaining optimum crystallinity so as not to affect substantially the 
crystallinity related mechanical properties of the product, such as stiffness. 
6.3. Crosslink Density 
The results of the solvent swelling experiments have shown that there 
is a decrease in the molecular weight of the polymer between crosslinks (i.e. 
an increase in the number of crosslinks) with an increase in the concentration 
of peroxide. If the gel content and the molecular weight between crosslinks 
are plotted on the same graph as in Figures 6.5 and 6.6 it can be seen that 
the results tend to mirror each other for both polymers. However in contrast to 
the gel content results the molecular weight between crosslinks continues to 
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fall with increase in peroxide and does not reach a plateau at any point for 
either polymer. It would be expected that if the concentration of peroxide and 
consequently the number of free radicals is increased the number of 
crosslinks should also increase and this is what the solvent swelling results 
reflect. The gel content results on the other hand are a reflection of the extent 
of gel formed. As a gel could be said to constitute two chains crosslinked at 
both ends to produce a closed network, extraction would not be able to 
establish a difference between a molecule with two crosslinks and a molecule 
with more crosslinks, and this is reflected by the extraction results showing 
plateaux being reached for both polymers before 0.8% of peroxide is added. 
For this reason it could be said that determination of the crosslink density or 
the molecular weight between crosslinks is a better method of quantifying the 
effect of increasing peroxide addition. 
6.4. Mechanism of Crosslinking 
Throughout the course of this project we have gained a considerable 
amount of information on the chemistry of the crosslinking process. The main 
source of this information has been from the infrared spectroscopy and gel 
permeation chromatography. 
FTIR of all the samples has shown that there are two distinct changes 
in the polymer chains upon crosslinking. Terminal vinyl concentration 
decreases rapidly and then levels out at a minimum, in a relationship which 
was seen to mirror the gel content results as shown in Figures 6.7 and 6.8 for 
both polymers. Trans vinylene concentration however does not follow this 
trend and was seen to increase consistently with an increase in the addition 
of peroxide. Similar results have previously been reported by Dole et al15 in a 
study of the effects of irradiation on polyethylene. Dole concluded that as the 
two different unsaturated groups undergo changes of different orders in the 
presence of peroxide, they must be occurring in different processes within the 
polymer. This would certainly be supported by the results of this project. 
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Further insight into the crosslinking reaction has been provided by the 
results of the gel permeation chromatography. Sol samples from both 
polymers were sent to RAPRA for analysis. In nearly all cases the molecular 
weights of the sol fractions were shown to increase up to and including 
concentrations of peroxide of 0.2% by weight. Above 0.2% the molecular 
weight was seen to decrease. When these results are considered in the light 
of the FTIR results it would seem logical that the increases in molecular 
weight are the result of a chain extension type reaction, involving the loss of 
terminal vinyl unsaturation. The fact that the most pronounced increases in 
molecular weight (and for that matter decreases in terminal vinyl 
unsaturation) occur in samples in which crosslinking was either extremely low 
(or in the case of Stamylex absent) suggests that the chain extension reaction 
is occurring before crosslinking takes place. As with changes in unsaturation 
levels this is not a new concept in the chemistry of polyethylene. It has 
previously been reported by Hendra, Peacock and Willis4s These authors 
found in their study that chain extension accounted for approximately half of 
the added peroxide before crosslinking began. In addition an increase in 
molecular weight prior to crosslinking has also been reported by Horii et al.20 
for samples crosslinked by irradiation. 
As stated earlier the FTIR and GPC results suggest that chain 
extension is occurring at the site of terminal vinyl unsaturation. Unfortunately 
they do not suggest anything about the position of crosslinking. It is known 
from solvent swelling analysis that the molecular weights between crosslinks 
for the low gel samples is greater than the molecular weight of the original 
polymer. This would support the theory that chain extension occurs 
preferentially to crosslinking, i.e. molecular weight between crosslinks can 
only be greater than the molecular weight of the uncrosslinked material if it 
chain extends first. Comparison of solvent swelling results has also shown 
that the molecular weight between crosslinks is of a similar order for both the 
Sclair and Stamylex polymers. The fact that the less gelled samples in both 
series have molecular weights between crosslinks greater than the parent 
polymer suggest that not only is chain extension occurring first but also that 
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crosslinking occurs soon afterwards. This relationship between chain 
extension and crosslinking is further supported by the similarity of the two 
polymers in their chemistry. If the crosslinking reaction was not controlled by 
chain extension we would expect the crosslinks to occur in a random manner 
and to be controlled by other factors such as branching. Basic organic 
chemistry predicts that the tertiary carbons produced by branch points are 
more reactive towards free radicals. If this phenomenon were controlling 
crosslinking then we would expect the molecular weight between crosslinks 
for the Sclair polymer to be much lower than that for the Stamylex polymer 
due to its greater level of branching (almost 2:1). It was seen that the 
molecular weights between crosslinks were lower in the Sclair samples but 
not by enough to account for crosslinking solely at branch points, although 
some crosslinking here can not be discounted especially in the samples with 
high peroxide concentrations. 
It was mentioned earlier that crosslinking is occurring by macroradical 
combination which takes place soon after chain extension, thus implying two 
independent processes. However it may not be that they occur in two 
separate processes. It is possible for the polymer to chain extend and then 
crosslink in one process but with two stages. A mechanism for this has 
previously been presented by Lazar et a1. 12, for example: 
H 
I • 
-CH2 - C = CH2 + R ~ - CH2 - CH - CH2R (6.1 ) 
It can be seen that this mechanism results in chain addition without 
destroying the radical. Thus there remains the potential for crosslinking if the 
macroradical produced combines with another macroradical. If crosslinking 
were subsequently to occur in this manner then the chain extended 
molecules would be preferentially incorporated into the gel. 
This again brings us back to the GPC results. We have already seen 
(Tables 5.7 and 5.8) that the uncrosslinked samples have increased 
molecular weights and that as gel formation begins the molecular weight of 
the sol appears to fall. It is possible that the switch from increase to decrease 
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is the result of the chain extended molecules being selectively incorporated 
into the gel, as outlined above. If the larger molecular weight chains are 
selectively taken into the gel then the remaining sol must contain lower 
molecular weight chains and so molecular weight is seen to decrease. This 
relationship has previously also been reported by Gedde29 in a study of 
crosslinked polyethylene by 13C - NMR, infrared spectroscopy and GPC 
analysis, and is further supported in a text by Billmeyer104. Billmeyer 
discusses branch formation during free radical polymerisation, the 
mechanism of which is very similar to that of the free radical crosslinking 
process. He states that the probability of branching is approximately 
proportional to the weight average molecular weight. Hence high molecular 
weight branched molecules tend to become more highly branched and still 
larger. If this explanation can be applied to the crosslinking process it follows 
that larger chains i.e. those that have chain extended, will more likely be 
attacked by radicals due to their increased molecular weight and so, 
preferentially incorporated into the gel. This results in a decrease in the 
molecular weight of the sol fraction of crosslinked samples as explained 
earlier. 
Returning to equation 6.1 there remains one problem. If crosslinking 
occurs in the same reaction as chain extension why are the low peroxide 
samples chain extended but not crosslinked. This may be due to the 
presence of antioxidant in the samples. In the low peroxide samples 
antioxidant may be mopping up the polymer radicals before they react further. 
This would not continue into the higher peroxide concentrations simply 
because there are more radicals produced. 
So far we have only discussed the loss of terminal vinyl unsaturation 
with increase in peroxide concentration. As stated earlier however there is 
also an increase in the concentration of trans vinylene groups. This increase 
is thought to be occurring in a separate process to that which results in a loss 
of terminal vinyl, as the change in concentration of the two groups follow 
different trends. From the literature reviewed in Chapter 2 it would appear 
that there are two possible ways in which an increase in the concentration of 
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trans vinylene may be brought about. The first is via disproportionation, with 
alkyl macro radicals decaying via hydrogen transfer and in doing so 
producing vinylene unsaturation and terminating two radicals e.g. 
R' - CH2 - CH2 - R" 
• 
2R' - CH - CH2 - R" ~ + (6.2) 
R' - CH = CH - R" 
The second is via abstraction of second hydrogen as proposed by Vandrumpt 
and Oosterwijk28 e.g. 
R - CH2 - CH - R' + PO ~ R - CH = CH - R' + POH (6.3) 
For this mechanism to be appropriate we would require a second alkoxy 
radical in the vicinity of the first abstracting radical. As the peroxide used in 
this study would conceivably produce four radicals per peroxide molecule (as 
can be seen in the reaction scheme presented in Figure 6.9) this could quite 
possibly occur in a manner similar to that presented by Van Dine and 
Shaw30 If this were to be the mechanism we would expect the concentration 
of trans vinylene to increase continually with increase in peroxide as there is 
a direct relationship between group formation and the concentration of 
peroxide. This was seen to be the case in both of the polymers under 
investigation. In reality however it is likely that trans vinylene is being formed 
by both of these mechanisms. 
6.5. Summary 
Terminal vinyl concentration is thought to be lost in a chain extension 
reaction which results in an increase in the molecular weight of the polymer. 
Trans vinylene concentration is increased in a separate reaction in which two 
peroxide radicals abstract subsequent hydrogens leaving two radicals which 
recombine to form a double bond (equation 6.3) or, in a disproportionation 
reaction (equation 6.2). Crosslinking is probably initiated in the same reaction 
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as the chain extension mechanism. The crosslinking can not however only be 
occurring in this way as the number of crosslinks formed are far to great to be 
accounted for solely by reaction at chain ends. Crosslinking must therefore 
also occur at other sites, such as branches. This is not unexpected as all 
radicals have the potential to form crosslinks and as you increase the number 
of radicals you expect to increase the number of crosslinks. This is shown in 
the solvent swelling results for both polymers, in that the molecular weight 
between crosslinks decreases with continual increase in peroxide. The fact 
that the decrease is not a direct relationship i.e. the decrease is greater for 
the low gel samples than the high gel samples is a reflection of the tendency 
to chain extend before crosslinking. 
Further evidence that crosslinking is not only occurring at the chain 
ends after chain extension is provided in tables 6.1 and 6.2. 
Table 6.1. Molar Data for Sclair Polymer 
Peroxide Moles of Moles of Moles of Moles of Ratio Ratio 
Addition Polymer Terminal Peroxide Radicals A B 
% Vinyl 
0.2 3.3x10" 5.3x 10" 2.4 x 10" 9.7 x 10" 2.94 1.83 
0.3 3.3x10" 5.3 x 10" 3.6x10" 1.5 x 10.3 4.54 2.83 
0.4 3.3 x 10'" 5.3 x 10'" 4.9x10'" 1.9x10·' 5.76 3.58 
, 
0.5 3.3 x 10" 5.3 X 10'" 6.1 X 10'" 2.4x 10.3 7.27 4.53 
0.6 3.3 x 10" 5.3 X 10·' 7.3 X 10" 2.9 X 10.3 8.79 5.47 
0.7 3.3 x 10'" 5.3x10" 8.5 x 10" 3.4 X 10.3 10.30 6.42 
0.8 3.3 x 10'" 5.3 x 10'" 9.7 x 10'" 3.9 x 10" 11.82 7.36 
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Table 6.2. Molar Data for Stamylex Polymer 
Peroxide Moles of Moles of Moles of Moles of Ratio Ratio 
Addition Polymer Terminal Peroxide Radicals A B 
% Vinyl 
0.1 3.7 x 10'" 6.3 X 10'" 1.2 x 10'" 4.9 X 10'" 1.31 0.78 
0.2 3.7 x 10'" 6.3 X 10'" 2.4 X 10'" 9.7x10'" 2.59 1.54 
0.3 3.7 x 10'" 6.3x10·· 3.6 x 10" 1.5x 10·' 3.89 2.32 
0.4 3.7x10'" 6.3 x 10'" 4.9x10'" 1.9 x 10·' 5.17 3.08 
0.5 3.7 x 10'" 6.3 X 10'" 6.1 x 10'" 2.4 x 10·' 6.48 3.86 
0.6 3.7 x 10'" 6.3 x 10'" 7.3 x 10'" 2.9 x 10·' 7.76 4.62 
0.7 3.7 x 10" 6.3 X 10.4 8.5 X 10'" 3.4 x 10.3 9.07 5.40 
0.8 3.7 x 10'" 6.3 x 10'" 9.7 x 10'" 3.9 x 10·' 10.35 6.16 
* all Figures rounded up to the first decimal place except for ratios. 
Ratio A = Number moles of radicals -;- Number moles polymer 
Ratio B = Number moles of radicals -;- Number moles terminal vinyl groups 
Examples of data calculations are presented in Appendix 3. 
These tables consist of data on the number of moles of both polymer and 
terminal vinyl groups compared to the number of moles of peroxide. It can be 
seen that for the Sclair polymer the ratio of peroxide radicals to polymer is 
greater for a given concentration than in the Stamylex polymer. This is a 
further explanation of why the Sclair polymer appears to be more reactive 
towards peroxide. As for whether reaction at terminal vinyl groups is 
accounting for all of the peroxide radicals it can be seen that the ratio of 
peroxide radicals to terminal vinyl groups is greater than 2 : 1 with an initial 
peroxide addition of 0.3%. Thus radicals are not all consumed by terminal 
vinyl as there are far too many. It must be expected however that antioxidant 
will also account for some of the peroxide radicals and so the Figures in the 
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tables are not necessarily the numbers available for reaction with the 
polymer. 
S.S. Effect of Varying Moulding Time and Temperature 
The results for the analysis of the plaques moulded for different times 
at two different temperatures have highlighted the importance of ensuring the 
correct processing regimes are employed, if consistency in crosslinking is to 
be obtained. The preliminary work on sets of samples moulded at the 
Stewarts and Lloyds site in Huntingdon showed up two samples which 
appeared to have different physical properties to the corresponding samples 
in the same series. Subsequent work on the effects of moulding time and 
temperature has shown that it is likely that these rogue samples were due to 
the press not having reached the correct temperature or to too short a 
moulding time being employed. We know from the results obtained in this 
study that for Perkadox 1490 a moulding time of thirty minutes 
at temperatures of 180·C is more than sufficient to bring about complete 
dissociation of the peroxide and achieve maximum cross linking efficiency for 
both Stamylex and Sclair polyethylene. As these were the processing 
conditions employed for the two main sample series used for the 
characterisation work, we can be quite confident that all of the sample 
plaques were crosslinked with the maximum efficiency attainable. 
The results of the samples moulded at 160·C have shown that at 
temperatures below 180·C the time spent in the press is critical to 
determining the crosslinking characteristics. Therefore, those samples 
mentioned earlier which were found not to have crosslinked in the same 
manner as the corresponding samples in the same series, were probably 
removed from the press before complete dissociation of the peroxide had 
occurred. Even though peroxide was seen to dissociate at temperatures of 
160·C it still takes time for the radicals to react and so early removal from the 
press will result in decreased gel contents. The results also tell us that the 
press used could not have been at 180·C, as subsequent analysis of 
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samples moulded at this temperature have shown that gelation reaches a 
maximum at this temperature after just seven minutes. This is supported by 
the fact that all of the samples produced at Stewarts and Lloyds were shown 
to have a lower gel than the same samples produced at Loughborough, 
whose press is known to be accurate. 
The FTIR analysis of the samples moulded at both temperatures have 
provided further confirmation that the changes in trans vinylene and terminal 
vinyl group concentrations are occurring in separate processes. It can be 
seen from the results in Chapter five (Figures 5.2 & 5.3) that for samples 
moulded at 180·C terminal vinyl group concentrations are generally lower 
than those from samples moulded at 160·C, even though both sets of 
samples show the expected trend of a decrease in terminal vinyl un saturation 
with increase in time. This would be expected as the higher temperature 
would lead to greater reactivity. However levels of trans vinylene 
un saturation, although increasing with increasing moulding time as expected, 
are similar for samples moulded at both temperatures. Thus the trends shown 
by the two different forms of unsaturation are different, leading us to assume 
that the changes are occurring in separate processes. 
168 
Chapter 7. - Conclusions 
7.0 Conclusions 
7.1. Characterisation of Stamylex and Sclair Polyethylene 
Characterisation of both Stamylex and Sclair polyethylenes has shown 
the two polymers to be very similar in their chemical nature. The main 
differences exist in the level of branching and degrees of crystallinity. The 
Sclair polymer has almost twice the branching as that of the Stamylex 
polymer. Subsequent analysis has shown that this is the reason for the lower 
crystallinity and melting point of the Sclair polyethylene. 
On addition of peroxide at low concentrations both of the polymers 
undergo chain extension before crosslinking. This is particularly evident in 
the Stamylex polyethylene where crosslinking is not initiated until 0.2% of 
peroxide is added. Crosslinking is initiated earlier in the Sclair polymer and 
this is thought to be due to a lower concentration of antioxidant and a higher 
level of branching. 
In both polyethylenes once crosslinking is initiated gel content 
increases rapidly until a plateau is reached. The plateau is reached at 0.4% 
of peroxide and a gel content of 100% in the Sclair polymer and 0.5% with a 
gel content of 97% for the Stamylex polymer. The optimum levels of peroxide 
concentration to achieve maximum gel are therefore 0.4% for Sclair 
polyethylene and 0.5% for Stamylex polyethylene. 
A study of the effects of crosslinking on the chemistry of the two 
. polymers has shown the following: 
• Crystallinity and melting point are reduced with increase in gel content 
• The molecular weight of the sol fraction decreases 
• Terminal vinyl concentration decreases in a manner which mirrors gel 
content 
• Trans vinylene concentration increases with increasing addition of 
peroxide 
• Crosslink density is increased with increasing peroxide concentration 
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The decrease in terminal vinyl unsaturation is thought to be occurring in the 
chain extension reaction which results in an increase of the molecular weight 
of the polymers. Once chain extended the polymer chains are selectively 
incorporated into the gel. This appears to lower the molecular weight of the 
soluble fraction of the polymer. For this mechanism to occur it is possible that 
chain extension and crosslinking are occurring in the same reaction. This 
however can not be the only point of crosslinking. Analysis of the number of 
moles of peroxide radicals in comparison to terminal vinyl groups has shown 
that there are far too many radicals produced to be accounted for by terminal 
vinyl groups alone. Crosslinking must therefore also occur at other positions 
on the polymer chain. The most likely of these are the branch points where 
tertiary carbons exist. Cross linking at these points can not be the preferential 
method as the differences in crosslink density between the two polymers are 
far too small. 
Increases in trans vinylene concentration occur in reactions separate 
to those which result in a decrease in terminal vinyl concentration. There are 
two possible mechanisms: 
• Abstraction of second hydrogen from polymer radical 
• Disproportionation of polymer radical 
It is likely that both of these reactions are occurring in both of the polymers 
under consideration. 
The effects of crosslinking on the physical properties of the polymers 
are less clearly defined than the chemical properties. The morphology of the 
polyethylenes change with increase in peroxide and this manifests itself in a 
decrease in the size of the spherulites. The effects of this on tensile strength, 
modulus and elongation at break are still unresolved. Preliminary 
investigations however have suggested that modulus is decreased, tensile 
strength increases and then decreases and elongation at break decreases . 
with increase in addition of peroxide. 
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Analysis of the moulding time and temperature has shown that the 
processing conditions are critical in controlling the gel content. At a moulding 
temperature of 160°C. the time of crosslinking is important. Maximum gel is 
obtained after 40 minutes. At 180°C time of crosslinking is less critical as 
maximum gel is obtained after just seven minutes in the press. 
7.2. Characterisation Methods 
Several techniques have shown themselves to be particularly useful 
for characterising the chemistry of polyethylene. The combination of FTIR 
spectroscopy and GPC analysis has provided a great deal of information on 
the chemistry of crosslinking. FTIR can be successfully used to follow 
changes in unsaturation of the polymer with addition of peroxide. Solid state 
13C _ NMR gave spectra which were poorly resolved and yielded little data on 
its own. Some data on branching levels was obtained and when combined 
with the GPC results this provided very useful information. 
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8.0. Future Work 
1. This project has undertaken a characterisation of the chemical effects 
of crosslinking on two different polyethylenes. An attempt to asses the 
eff,:!cts of crosslinking on mechanical properties was unsuccessful and 
will require further work with more suitable apparatus for completion. 
Characterisation of the effects of crosslinking on environmental stress 
cracking would determine whether crosslinking achieves the objective 
of eliminating failure of polyethylene by this mechanism. 
2. This project has shown that chain extension occurs before 
crosslinking. It is possible that chain extension is sufficient to produce 
the required improvements in the properties of the polymer to eliminate 
stress cracking. As the polymer would not be cross linked there 
remains the potential for processing which is not available with 
cross linked polymers. Characterisation of chain extended polymer with 
respect to stress crack resistance would confirm or disprove the above 
theory. 
3. Determination of the level of antioxidant remaining in the polymer after 
crosslinking was not successful in this work. Further analysis is 
required with a more accurate method. This work is important as 
crosslinking may conceivably remove all antioxidant from the polymer 
thus rendering the crosslinked product susceptible to oxidation at a 
later date. 
4. Characterisation of both polymers by solid state 13C NMR produced 
spectra which were poorly resolved. Consequently the size of some 
of the larger branches was not determined. Further NMR analysis 
possibly involving the use of solution 13C NMR may provide better 
information on the type as well as the level of branching in both 
polymers. 
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5. Characterisation of the crosslinking mechanism by electron spin 
resonance spectroscopy (ESR) will provide further information on the 
lifetime of the peroxide radicals. This would then allow a more 
thorough understanding of the relationship between chain extension 
and crosslinking. 
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Table 1.a. GPC Data for the Sclair and Stamylex Base Polymers. 
Material Mn Mw Mw/Mn 
Sclair 20750 98300 6.1 
Stamylex 23800 109000 4.5 
Table 1.b. Results Calculated Fron GPC Data in Table 1.a. 
Branches Per Branches Per 
Material 1000 C's· Molecule· 
Ethyl Butyl Ethyl Butyl 
Sclair 7 2 10 3 
Stamylex 5 8.5 
• Obtained by 13C NMR 
Table 2. Unmodified Results of the GPC Analysis of the Phillips and 
Zeigler Polymers 
Sample Mw Mn Mw/Mn 
Rigidex 002/40 192000 13250 15.0 
Zeigler B4291 P 234000 10200 23.0 
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Table 3. FTIR Results for the Phillips and Zeigler Polyethylenes (Using 
GPC Data as Obtained) 
Concentration per 1000 Concentration per 
Material carbon atoms Molecule 
Terminal Trans Terminal Trans 
Vinyl Vinylene Vinyl Vinylene 
Rigidex 002/40 1.08 0.11 1.00 0.10 
Zeigler B4291 P 0.05 N/A 0.04 N/A 
Table 4. Unmodified Molecular Weight Results of the Sol Samples of 
Stamylex Polyethylene 
Sample Mw Mn Polydispersity 
Stamylex Base 109000 23800 4.5 
STM/0.5/1A 126500 25700 4.9 
STM/0.5/1B 115000 22900 5.1 
STM/0.5/1C 201000 27800 7.3 
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Table 5. Unmodified Molecular Weight Results of the Sol Samples of 
Sclair Polyethylene 
Sample Mw Mn Polydispersity 
Sclair Base 109000 19900 6.1 
SCUO.2/1 159000 6315 25.2 
SCUO.4/1 258500 11400 22.6 
SCUO.6/1 93100 12500 7.5 
SCUO.8/1 36800 8300 4.5 
Stamylex 95400 19000 5.0 
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Table 6. FTIR Analysis of the Stamylex Polyethylene Polyethylenes 
(Using GPC Data as Obtained) 
Concentration of groups 
Sample per 1000 carbon atoms 
Trans Terminal 
Vinylene Vinyl 
Stamylex Base 0.13 1.00 
STM/0.5/1A 0.44 0.07 
STM/0.5/1B 0.40 0.10 
STM/0.5/1C 0.30 0.37 
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Table 7. FTIR Analysis of the Sclair Polyethylene Polyethylenes (Using 
GPC Data as Obtained) 
Concentration of groups 
Sample per 1000 carbon atoms 
Trans Terminal 
Vinylene Vil}Yl 
Sclair Base 0.08 0.90 
SCUO.2/1 0.26 0.92 
SCUO.4/1 0.20 0.41 
SCUO.6/1 0.26 0.20 
SCUO.8/1 0.26 0.22 
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Table 1. FTIR Results for Plaques Moulded at 180·C 
Group Group 
Sample Concentration I Concentration I 
1000 C atoms 1000 C atoms 
Trans Vinylidene Terminal Vinyl 
T18017l0.4 0.33 0.18 
T180/1010.4 0.36 0.25 
T180/2010.4 0.29 0.24 
T180/4010.4 0.24 0.24 
T180/1001O.4 0.23 0.28 
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Table 2. FTIR Results for Plaques Moulded at 160·C 
Group Group 
Sample Concentration I Concentration I 
1000 C atoms 1000 C atoms 
Trans Vinylidene Terminal Vinyl 
T160/1010A 0.19 0.55 
T160/2010A 0.28 0044 
T160/3010A 0.25 0041 
T160/4010A 0.19 0.37 
T160/8010A 0.25 0.34 
T160/16010A 0.26 0042 
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Table 3. Gel Content Results for Stamylex Polyethylene 
Sample Gel Content I % 
STM/0.0/2 0 
STM/0.1/2 0 
STM/0.2/2 0 
STM/0.3/2 38 
STM/OAI2 70 
STM/0.5/2 81 
STM/0.6/2 86 
STM/0.7/2 92 
STM/0.8/2 92 
Table 4. Gel Content Results for Sclair Polyethylene 
Sample Gel Content I % 
SCUO.0/2 3 
SCUO.2/2 19 
SCUO.3/2 74 
SCUOAI2 94 
SCUO.5/2 97 
SCUO.6/2 100 
SCUO.7/2 100 
SCUO.8/2 100 
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Table 5. Molecular Weights Between Crosslinks of the Stamylex 
Polyethylene. 
Sample Molecular weight Between 
Cross links 
STM/0.4/2 112740 
STM/0.5/2 46720 
STM/0.6/2 35128 
STM/0.7/2 25284 
STM/0.8/2 15962 
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Table 6. Molecular Weights Between Crosslinks for Sclair Poly ethylene 
Sample Molecular weight Between 
Crosslinks 
SCUO.3/2 173900 
SCUO.4/2 93500 
SCUO.5/2 25200 
SCUO.6/2 20800 
SCUO.7/2 15600 
SCUO.8/2 12600 
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Table 7. FTIR Analysis Results for 5tamylex Polyethylene 
Sample Concentration of Absorbance Peak Ratios 
groups per 1 000 carbon 
atoms Trans Terminal Anti 
Trans Terminal Vinylene Vinyl oxidant 
Vinylene Vinyl 
STM/0.0/2 0.05 0.89 0.17 0.69 1.73 
STM/0.1/2 0.13 0.57 0.26 OAO 1.72 
STM/0.2/2 0.14 0.38 0.35 0.25 1.57 
STM/0.3/2 0.25 0.27 0.55 0.16 1.39 
STM/OAI2 0.20 0.19 0.53 0.17 1.56 
STM/0.5/2 0.20 0.16 0.57 0.12 1A3 
STM/0.6/2 0.19 0.14 0.60 0.09 1.30 
STM/0.7/2 0.23 0.16 0.57 0.12 1.38 
STM/0.8/2 0.32 0.12 0.90 0.08 1.28 
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Table 8. FTIR Analysis Results for Sclair Polyethylene 
Sample Concentration of Absorbance Peak Ratios 
groups per 1000 carbon 
atoms Trans Terminal Anti 
Trans Terminal Vinylene Vinyl oxidant 
Vinylene Vinyl 
SCUO.0/2 0.15 0.84 0.56 1.30 6.40 
SCUO.2/2 0.16 0.34 0.67 0.61 5.06 
SCUO.3/2 0.22 0.35 0.67 0.45 4.83 
SCUO.4/2 0.21 0.27 0.73 0.36 4.59 
SCUO.5/2 0.18 0.21 0.73 0.35 4.44 
. SCUO.6/2 0.31 0.31 0.98 0.36 4.33 
SCUO.7/2 0.30 0.30 1.06 0.34 4.01 
SCUO.8/2 0.32 0.23 1.10 0.35 4.10 
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Table 9. Molecular Weight of Sol Samples for Stamylex Polyethylene 
Sample Mw Mn Polydispersity 
STM/0.0/2 82100 21100 4.1 
STM/0.1/2 161500 20600 6.3 
STM/0.2/2 276500 28300 9.7 
STM/0.3/2 150500 23100 6.5 
STM/0.4/2 75500 16200 4.6 
Table 10. Molecular Weight of Sol Samples for Sclair Polyethylene 
Sample Mw Mn Polydispersity 
SCUO.0/2 125000 23350 5.1 
SCUO.2/2 326500 38100 8.6 
SCUO.3/2 101500 23500 4.4 
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1. A worked example of molar concentration calculations 
Number of moles = Mass + Molar Mass (Equation 1.) 
A) For Peroxide 
In a plaque consisting of Sclair polymer with 0.3% peroxide and 0.1 % 
antioxidant the following relates. 
Mass of base material in the plaque = 41g 
Relative Molar Mass Peroxide = 338 
Relative Molar Mass of unreacted Polymer = 124500 
Terminal Vinyl Concentration per molecule = 1.6 
Mass of peroxide added i.e. 0.3% of 41 g = 0.123g 
Mass of Antioxidant added i.e. 0.1% of 41g = 0.041g 
No Moles Peroxide (as eqn 1 above) = 3.6 x 10-4 
As one mole of peroxide is capable of producing 4 moles of radicals (see 
reaction scheme figure 6.8) 
Number of moles of free radicals = 1.5 x 10-3 
B) Sclair Polyethylene 
Number of moles of polymer (equation 1) = (41 - 0.123 - 0.041) + 124500 
= 3.3 x 10-4 
As there are 1.6 moles of terminal vinyl groups for 1 mole of polymer the 
number of moles of terminal vinyl groups = 5.3 x 10-4 
The ratio therefore of radicals to polymer = 4.54 : 1 
The ratio therefore of radicals to Terminal Vinyl groups = 2.83 : 1 
It can be concluded that from these results there are approximately 3 radicals 
to one terminal vinyl group, with a peroxide addition of 0.3%. 
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